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PREFACE

In 1955 The American Institute of Aeronautics and Astronautics

(then The American Rocket Society) and _'orthwestern University

initiated a series of biennial symposia on gas dynamics to deal with

recent and specialized fundamental aspects of jet propulsion. Since

then these meetings have widened in scope to stay abreast of

advances in science and technology. Thus previous symposia have

treated Aerothermochemist_ (1955), Transport Properties in Gases

(1957), Dynamics of Conducting Gases (1959), and Magnetohydro-

dynamics (1960).

The present volume constitutes the Proceedings of the Fifth

Biennial Gas Dynamics Symposium which was held in Evanston

on August 14, 15, and 16, 1963. Continuing along the lines estab-

lished by the earlier meetings--that of treating interdisciplinary

topics of current interest to the scientist-engineer--the theme of

this symposium was the physico-chemical diagnostics of plasmas.

Nearly all aspects of experimental plasma diagnostics were dis-

cussed in the twenty-one papers presented. The topics include both

research papers and reviews of the current state-of-the-art.
The contributions to this volume have been edited as little as

possible and no attempt has been made to change the style and

nomenclature of the various authors. The editors hope that this

volume will prove to be a useful reference for the fields considered.

Evanston, Illinois

November, 1963

THOMAS P. ANDERSON

ROBERT _V. SPRINGER

RICHARD C. WARDER, JR.
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1. Charles B. Wharton: Plasma

Diagnostic Techniques

__ The study of plasma diagnostics is co_werned with making

significant, nonperturbing measurements of plasma.. The term

"diagnostics" implies that compatible conclwsions are draum simul-

t_aneously from several observed symptoms. Ideally, the diagnostic

measurements from any one plasma event should be self-sufftcient,

without relying on the repetition of successive events. This qualification

may require the data-prod_cing instrument to have large bandwidth

and dynamic range (and perhaps multiple-channel capabilities) so

tbst it can respo_wI to rapid.fluctuations.

A number of techniques have been widely developed, while others,

altI_ough they may have intrinsic, m,erit. for some reason or other hove

not had as wide an application. Some external measurements, notably

microwave diagnostics, optical spectroscopy, and interferometry and

radiometry, essentially do not perturb the plasma. Others involve

internal probing, such as Lan!Imuir probes, magnetic probes, RF

probes, and particle beams, leading to various degrees of perturbation.

This paper presents a catalog of a number of useful techniques,

grouped acceding to the quantities measured. Certain of the methods

thor have been extensively developed or have considerable potential are

then expanded upon in detail. A number of illustrative examples are

given and comparisons of techniques are made where possible. Photo-

graphs and sketches of some of the instruments are shoum.

A number of interesting plasma diagnostic techniques have evolved over the
last few years. Some have found wide apphcation while others are lacking in some
respect. Some measurements involve internal probing, such as Langmuir and
magnetic probes, with the po_ibihty of severely perturbing the plasma. Others
are external measurements, such as microwave or optical probing and optical
spectroscopy. In the latter methods the technology of the method itseff is as
complicated as the apphcations to plasma diagnostics. Other techniques are useful
only in dense plasmas or in hot plasmas or in plasmas confined by an intense
magnetic field. To sort. out the measurements useful for a given kind of deter-
ruination a brief survey of several techniques, grouped according to the quantities
measured, is given in sections 1 through 9. Certain of the methods that have been
extensively developed or have considerable potential are then expanded upon in
the rest of the paper.

ED. NOTE: Dr. V_harton is at the General Atomic Division, General Dynamics

Corporation, San Diego, California.
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4 PHYSICO-CI-IEMICAL DIAGNOSTICS OF PLASMAS

1. Electron Density and Distribution

a) Microwave interferometer; 101° < n e < 10t4/cm 3

b) Microwave cavity perturbation; 108 < n e < 1012/cm 3

c) I_F conductivity probes; 10_< n e < 1015/cm3; for high collision rates

d) Microwave scattering; l012 < ne < 1014/cm3; sensitive to instabilities

e) Optical interferometer; l014 < n_ < 1019/cm 3

f) Optical Faraday rotation; n_ > 1016/cm 3 for 10,000 gauss

g) Optical spectroscopic intensities; n e > 1013; equilibrium plasmas

h) Optical scattering; 1014 < ne < 1019/cm 3

i) Optical Balmer series limit; 1013 <n_ < 1015/cm 3

j) Particle collectors; 10 -6 <J_ < 1 amp/cm2; yields product qn_v

k) Electron or ion beam scattering; sensitive to potential fluctuations

2. Electron Temperature

a) Microwave radiation intensities; Te _>0.1 eV; stable plasmas

b) Doppler broadening of cyclotron radiation line; Te >50 eV.

c) Infrared and optical intensities; Te > 10 eV; equilibrium plasmas

d) X-ray intensities; Te >6 keV; wall problems

e) Relative intensities of spectral lines; 1 < Te < 50 eV.

f) Relative intensities of bremsstrahlung and recombination radiation

g) Doppler broadening of optical (Thomson) scattering; Te >5 eV.

h) Langmuir probes; 0.1 < Te < 1000 eV; moderate densities

3. Ion Density and Distribution

a) Stark broadening of spectral lines; n_ > 1015/em 3

b) Langmuir probes, single and double

c) Electron, ion, neutral atom, or neutron beam probes; n_ _>10t4/cm a

d) Diamagnetic effect (requires knowledge of temperature)

e) Alfv6n and sound wave propagation; dense plasmas

f) Calorimetry (requires knowledge of temperature)

g) Radioactive gas tracers and collimated detectors

h) Charge-exchange neutral detectors

4. Ion Temperature and Energy

a) Calorimetry; total energy and momentum

b) Doppler broadening of spectral lines; T_ > 5 eV

c) External energy-momentum analyzer; samples escaping ions

d) Time-of-flight; gives particle or shock-front velocity

e) Diamagnetic effect; use magnetic probes inside and outside plasma

5. Neutral Density, Distribution, and Identity

a) Shielded ionization gauge

b) Ion or neutral atom beam scattering

c) Rayleigh scattering and resonance absorption of infrared and light photons

by bound electrons

d) Schlieren and Mach-Zehnder photography

e) Charge-exchange detectors; fast neutrals

f) Molecular resonance spectroscopy; RF and infrared

g) Re-ionization by delayed ionizing pulses
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6. Drift Velocity, Shock Velocity, Rotation, and Thrust

a) Doppler frequency of reflected microwaves

b) Doppler shift of s)mchrotron radiation

c) Doppler shift of spectral lines

d) Ballistics and calorimetry

e) Time-flight; probes, light, and microwave sampling

f) Nonreciprocity of phase shift for space charge and EM wave propagation

7. Instabilities and Turbulence

8°

.

a) Electron and ion energy-momentum analysis; external measurement

b) Microwave radiation (nonthermal effects)

c) Microwave scattering from turbulence

d) Electron and ion beam scattering

e) Fast photography; time-resolved spectroscopy and total light; high densities

f) Magnetic probes and Rogowski loops

g) RF and Langmuir probes

h) External voltage-current measurements

i) X-rays (if high-energy electrons are generated)

j) Neutron energy analysis (if high-energ T ions are present)

Sheath Regions

a) Langmuir probes

b) RF probes (sheath oscillations and space charge waves)

c) Electron and ion beam probes

d) Microwave scattering from sheath oscillations

Constituent Identity (Purity)

a) Optical and atomic-resonance spectroscopy

b) Ion cyclotron resonance absorption; e/m ratio

e) Magnetic analyzer; escaping ions

d) Mass spectrometer; neutral gas

10. Microwave Diagnostics

The standard techniques of interferometry and radiometry are useful in man),

plasma experiments (1, 2). Equipment in the spectrum of 1 cm to 4 mm wavelength

is found to be convenient for a variety of plasma experiments.

Small-diameter, high-density plasmas require the highest frequencies available

to have to > ton, to avoid scattering and to have as many wavelengths as possible

inside the plasma. Horn or other antennas must be kept small to provide narrow

probing areas. The surrounding walls will then have to be coated with nonreflecting

surfaces (commercially available) to inhibit stray reflection of the noncaptured part.

of the wave beam. Larger, lower density plasma experiments require lower

frequencies.

The quantities measurable are the electron density, its spatial distribution, the

cross section and collision frequency for momentum transfer, the electron tempera-

ture, the presence of certain plasma oscillation modes and instabilities, the drift.

velocities of electron streams, the velocity and position in time of uTiggling

columns, shock fronts, etc., and the local magnetic field strength--all as functions
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of time. A composite microwave interferometer and radiometer system is shown

in Figure 1. Not all of the components are necessary for some measurements.

Some additional components will be needed for the measurement of Faraday

rotation and shock-front velocity. Two or more systems, at different frequencies,

BALANCED IN26
MIXER ('_.----130MC. IOMC.BWI FA"-'-'-'-'-'-'-'-M_

I"T"_ ___ LOW NOISE _'_ DET. t'I"-

• "
I IN26 /z.,' HORN

PAD ] F--'] GENERATOR I I I

t__l _;?-..---.,_ 13 lc.ANB

II 4M.$ I DIFFERENTIAL I0-I- IOMC
I POWER ( I ISAWTOOTH I_,W VIDEO I/

FIGURE l. Composite microwave interferometer and radiometer for plasma diagnostics.
The zebra stripe data presentation is generated.

running simultaneously are always preferred. Often the same radiators and circuits

can be used for both frequencies by sorting out the waves at the detectors with
filters.

This method of diagnostics does not perturb the plasma and has very short

resolving times. The components arc all available and the techniques well
established.

10a. Microwave Transmission

A review of the relationships on which the techniques are based will be useflfl

here to show how they are applied. Many of the relationships are exceedingly

complicated, and the reader is referred to the references for their derivations. The

plasma frequency, the natural oscillation frequency, is

(ne2t_12t% = -- (1)
\me0!

When a magnetic field is present in the plasma, thc micro_avc conductivity is

anisotropic. The index of refraction then must be described by tensors. Certain

wave-polarizations, however, remain unchanged as they propagate and the index

of refraction can then be written algebraically. These waves are called characteristic

waves. A plane, transverse-electromagnetic (TEM) wave, incident at an angle

(in respect to the magnetic field) on a plasma will generate a pair of these character-

_ -1- _'"''" completely ___istic waves, e_n one .... lng different properties. In optics the wave
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8 PHYSICO-CHEM1CAL DIAGNOSTICS OF PLASMAS

which is most nearly like that in the absence of the magnetic field is called the

"ordinary wave". The other wave is the "extraordinary wave".

The cyclotroa frequency, the angular frequency at which electrons spiral in a

magnetic field, is

wb = 2nfb = e B (2)

Expressed in megacycles and gauss

fb = 2.8B (a)

Figure 2 shows the intersection loci of the index of refraction, N, with the cut-

off plane, (N-- 0), for some characteristic waves. The plus sign (taken from a _+ in

the equation for refractive index) corresponds to the ordinary wave; the minus

sign to the extraordinary. The angles indicated are for 0, 0 ° being along B. The

ranges of index are indicated in the various zones. The resonances are difficult to

observe in practice. The electron density always falls to a low value at the walls of

an experiment, so that a wave must go through a cutoff region to reach a resonance

region, unless the magnetic field is increasing outwardly in a certain way. Synchro-

tron radiation emanating from a plasma thus is found to lie within a narrow

cone about the field lines. "Whistler mode" propagation also is explained by this

effect. Internal mode conversion and evanescent coupling through thin cutoff

regions do allow resonances to be seen for waves propagating across field lines,

especially at high plasma temperatures.

Figure 3a shows the real index, N, or (I)' for waves propagating in a plasma as a

function of plasma density, for plasmas having various spatial distributions.

For propagation along magnetic field lines (0=0 °) the characteristic waves are

circularly polarized, contrarotating. They propagate at different velocities, so that

when they re-emerge from the plasma the reconstituted plane wave has had its

I'°_d_--____________.._ I ] I I I I I /'4

.9- ___ cOS,NE-SOUAREO --I
_ _'-,-...._ DISTRIBUTION /t

.T - PHASETERM,>_.cosINE_ _ /--I
UNIFORM DENSITY _DISTRIB. _ _ /|

• c ¢

*'*-=.°,-  AL,Z D ,CRO* V \ABSO .,O./--I
AN TERM "L _

.4_ AND ABSORPTION COEFFICIENTS _TERM"= __

I FOR VARIOUS SPATIAL DENSITY _ I /

5_ DISTRIBUTIONS, VS. CENTRAL _

'_L _As_A DENs'_¥'_°" \ _"

'ol I I I I I I I ] L_)= /

0 ,I .Z .3 ,4 .5 .6 .7 .B .9 1.0 I.I

n _,_nco

FIGURE 3a. Wave phaseshift in a plasma of various spatial distributions as a function

of density,



FIGt'RE 3b. Phaseshift data presented as interferometer fringes at frequencies of 70 Gr 
and 90 &. At the top the plasma u-as in helium at 80 microns pressure. The bottom 
fringes were obtained after ZOO microns of argon had been added, showing the effect of 
collisions. 

plane of polarization rotated. This phenomenon is hion-11 ac: the Faraday effect. 
The angle of rotation for a non-uniform path. L. is 

nlierr S- and are the indexe- of refraction of the t n o  tliaracteri-tic n a r e i  
(fimctton- of p i t i o n ) .  If tlie path Iia- iiniforni den-it?- 

w L 
- A 

4 = .r IS- - S - ] L  = 1 W i S  - - S - j - tlcgrres 

I.3jnaticoi- (4, cnc! ( 5 )  : r e  ctrirtl?- ~ a l i d  on117 if the nave  tlaniliing i i  -mall. If tlir 
t l ~ i i n 1 m ~ '  of  one n a \ e  1 -  1nrgt.r t h a n  tliat of tIw other ttir rmrrrinp va\ t .  I- iiot 
1)iarir IJiit c!!:pfi~z!!; p n l a r m d .  Properl) interpreted niea-iir~niwt- IIJ~I\ arc ablc 
to  detrrmine the den4itJ and i t -  y i t i a l  rti~tnlmtion along tile iiviti h ie - .  zzcl :!i- 

If one TT a r e  1- complrtt~1~- rut off. the emerging TT a r e  is cirriilarly 
~mlarized In Figure 2 the shadtd triangle defined by w b  w > 1 0. wz W* > 2.0.  
and the S cutoff line. for @=(I . represent- ~ u c h  a nirdiuiii. The index. S i i  quite 
large. kn that the plasma na-ielength 1s 4 o r t  and \Tares cling c l o + -  to  field line-. 
This a r e  type ha< heen called rariou-IJ- 'IVlii*tler mode". "diicted-n a w  mode". 
arid "hi,oli-d~.iiiit?--\t indon. mode". Experimentally it can be seen on l -  if the electron 
cnlli+xi rate is Ion. yince the damping is relatwelj- large. 

If the electron- are drifting. bay tn the right along a 1 ~ l a m a  column. tlie cyclotron 
freqiiencj- a- measitred from right to  left 15 ill he higher than that from left to right. 
diie to  Doppler shift. The indexes and the Faraday rotation also nil1 lie 
  ion reciprocal. The drift relocit) 

Khen the density i n  a nioring plasma front. aucli ab a .hock front or a nriggling 
arc column. 1' abow cntoff. the reflected T J B T ~  x~ill he Doppler shifted a n d  a 
Thppler radar y t e m  gives the in.;tantaneou- relocity Occasionally relocitie- 

thus mea-urable. 
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measured in this way do not agree with those obtained optically or with probes.
Supposedly, the velocities of charged particles (microwave) and excited particles
(light emission) are not the same as the front expands.

lOb. Microwave Radiation

Radiation emanating from the plasma bears a relationship to tlle density and
temperature.

Blackbody Radiation: A dense plasma whose electrons have a thermal distribu-
tion (thermalization times short compared to characteristic plasma transients)

_Z _0

I.U O.J (-)Z

_.) I-- <_: -- F

,,_b-
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will radiate much as a blackbody in the microwave spectrum. If the collision rate is

high or the radiation is viewed at a frequency near a resonance, the plasma appears

opaque. The radiated power density per frequency interval Zf is then

Ap = 8_kTe(fZ/c z) Af watts/m 2

where Te is tile electron kinetic temperature in degrees Kelvin.

k = 1.38 x 10 -23 joule/°K, Boltzmann's constant

(6)
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If the radiating surface is viewed by a directive antenna, which sees only the
surface, the directivity just cancels the frequency dependence of equation (6) and
the blackbody power received is

Pbo = lcTe Af watts (7)

A region which is not totally opaque loses some of its power "out the back door".
The received power is then

P
= f: exp (-2az) d(-2az) (s)

P0b

where a is the absorption coefficient, a function of n and v. (See Figure 3.) A
microwave radiometer is sketched in Figure 4.

Other Radiations: Electrons orbiting in a magnetic field emit synchrotron

radiation, which is peaked at the electron gyrofrequency, wb, and its harmonics. If
the electron density is high and no cooperative effects operate, the self-absorption
limits the radiation intensity to the blackbody level shown earlier.

If the cooperative effects, due to violent oscillations and instabilities, are present,
tlle radiation intensity scales as nc2 where no is the number of in-phase radiators.
Incoherent radiation scales as n. The radiation intensity from cooperative effects
thus has little to do with the electron temperature. Fortunately, the radiations
from cooperative oscillations are trapped within the plasma region and seldom are
coupled to external radiation fields, so that radiometry still yields valid electron
temperatures in most cases.

lOe. Microwave Scattering

The scattering from individual electrons, that is, Thomson scattering, has a very
small cross section

87r
qT = T r_ (9)

where %=2.8 × 10 -15 meter, the electron radius. When plasma waves or other
density fluctuations are present, however, the cross section may be enhanced by
as much as 106 or so and the scattered signal emerges in only a narrow cone about
the Bragg scattering angle (3, 4). The spectrum of scattered waves will contain
sidebands similar to a phase modulation spectrum, where the modulation frequency
is that of the plasma waves. Figure 5 shows the block diagram of a microwave
scattering system, with a typical spectrum shown in the inset.

11. Optical and Infrared Probing

Probing by means of light beams is in principle very similar to microwave
probing and the bulk of the theory applies. The techniques differ somewhat, but
numerous parallels can be drawn.

Optical interferometers that are direct analogs of the microwave interferometer
are useful for dense plasma measurements. The Mach-Zehnder interferometer
sketched in Figure 6 is an example (5). A monochromatic light source is required;
the smaller the wavelength spread, the sharper the interferences. Optical masers,
or lasers, intrinsically are excellent monochromatic sources, but for transient
events it is difficult to achieve accurate timing without elaborate pumping and
triggering arrangements. A number of pulsed and C.W. lasers are now available
commercially (6) covering wavelength ranges from 6900 __ to 72,000 A (7.2 /_).
Spark and arc-light sources: followed by a filter or monochromator are also useful
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FIGURE 6. Mach-Zehnder interferometer used for studies of plasm_ refractive index.

(After Ascoli-Bartoli, Frascati, Rome, Italy.)

for interferometers of medium resolution. Magnesium electrode spark sources

can produce microsecond pulses of intense light, having jitter times of only a few

nanoseconds. A x_Tatten filter accepts the 3838 A line, rejecting the others, as well

as plasma-generated light. The light from the source must be much more intense

than that from the plasma, of course, at the wavelength of interest.

A tabulation of some useful intense monochromatic light sources is given in

Table I, together with wavelengths of peak outputs. Also shown are the oscillation

frequencies, the corresponding plasma cutoff densities, and the electron densities

required to give 90 ° of phaseshift in a lO-em path.

TABLE I. SE%_ERAL INTENSE LIGHT SOL_RCES FOR OPTICAL PROBING, GIVING _'A'_ELENGTHS

FREQUENCIES_ CORRESPONDL_TG PI_SMA CUTOFF DENSITIES I_c, ._ND ELECTRON DENSITIES

GIVING 90 ° OF PHASESHIFT IN A 10-cm PATH LENGTH.

Ligb_ Source

Microwave

Mg spark
Hg 198 arc
Ruby/er a laser
Rb as flash lamp

Xenon flash lamp
GaAs junction
CaWo4/Nd a laser
He-Ne gas laser

CaF2/U a laser

Cs vapor laser

Wavelength
(microns)

10,000 3.3
1,000 3.3

0.3838 7.83
0.4358 6.89
0.6943 4.33
O.78OO 3.85
0.7948 3.78
0.8200 3.66
0.90 3.34
1.06 2.83
1.153 2.60
1.207 2.48
2.6 1.15
3.20 9.37
7.18 4.18

l
Plasma

Wave , Cutoff

Frequency I De_eity
(cps) I (no-/cma)

t

xl0 _° I 1.35x10 _a

xlO _ I 1.35x10 _
x 10 x_ 7.73 x 10 _x
x 10 _ 5.89 x 102_
x 10 _ 2.32 x 102_
x 10 _ 1.835 x 1021

Plasma Density
for A(P = 90 °
in L= 10 cm

(no./cm a)

x 10 x_
x 10 _
x 101_
x 10 x_
x 10 la
x 10 _
x 101_
X 10 _a

x 10 _a

1.5 x I0 _
1.5 x I0 _2

1.48 x 10 _e

1.77 x 102_ 7.04 x
1.66 x 102_ 6.8 x

1.38 x 102_ 6.2 x
9.9 x 1020 5.25x
8.40 x 1020 4.85 x
7.61 x 102o 4.6 x
1.64 x 1020
1.09 x 1020
2.17 x 1019

8.05 x I0_s
7.16 x I0_s

I0Is
lO_S
lOXS
lO_S
lO_S
lOis

2.13x lOts
1.74x 10_s
7.78 x 10 _
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A 1-microsecond recording of the interferences obtained by an interferometer 
from a dense plasma jet expanding into a low-pressure chamber is shown in 
Figure 7.  The shock waves and turbulence are plainly visible. 

A similar optical arrangement is used €or Schlieren photography, except that  
changes in refractive index are recorded as modulations of light intensity, rather 
than interference fringes. An experimental arrangement for studying shock waves 
can be made up rather simply with lenses and a knife edge (7). The light source is a 
spark between tungsten electrodes in nitrogen. The accurate timing necessary to 
follow the fast front is obtained by a Kerr cell light shutter. A typical photograph 
is shown in Figure 8, showing the sharp electron density gradient in the “snow 
plow” front. 

FIGURE 7. Interference fringes obtained by a Mach-Zehnder interferometer viewing 
a plasma jet expanding into a low-pressure chamber. (Courtesy Prof. D. Bershader, 
Stanford University.) 

Optical Faraday rotation can be used to study dense plasmas in strong magnetic 
fields (8) .  The total rotation is given by Equation ( 5 ) ,  where the collisionless linear 
approximation is easily justified for these frequencies. Equation ( 5 )  t,hen reduces to 

L n BIB, 
h n, 1 - B2/B$ # = 180°-- 

where B is the magnetic field and B,  is the magnetic field necessary to give gyro 
resonance, B,=w,m,/e. As an example, the plasma density in a 10-cm path with 
20 kilogauss applied, necessary to give 90” of rotation a t  h=2.6 microns, is 
4.36 x 1018/cm3. The sensitivity increases in direct proportion to the density, the 



12. Conductiriiy Probes 

Plassmas harinp high colliiion rates h a r t  apprcciafile real coiiiponei1t.i of conduc- 
tivity. -2 qmall R F  coil immersed in sur11 a plasma will indace currents in thp  
plasma. The current is complex. the real part extracting pon er and the imaginary 
]'art changing the cnil's effective inductance b ~ -  diamagnetic effects. In Figure 9 

FIGI-E 8. Schlieren photographs of a currrii? she& travling at 7 em 4 ~ s ~  between 
parallel plates in a plasma arcelerator. (Courtesy R .  Lorberg. Ceneral Atomic. San Dirgo, 
California. ) 

the anloaded coil I \  resonated at the drive freyiienc>- ,fo The plaGn1a ciirrent then 
lmth detiine\ and de-(2'. tlie circuit inuch a. i n  the case of re-onant caritieb. TVhen 
v>>.>w and w,>>w the major effect of the plawia on tlie rod is In lo\\rring ~tr. Q .  If 
the coil is immersed 111 the plasma so that the pla.ma cnnd~ctl\-~t?- u IS iinifornl in 
space the chaiige in  Q 1% approximatel!- 

I n  most experiment+. lion-ever. u is not i~nifor~n. siiici.. the coil is moiinted 011 a 
forin or o t  iier\\-ise ohst ruct s t hc 1 )Iasiii a. C'illi h a  t i c  111 i.G t lien c( rm-enien tl? c.a rried 
out with ioiiic s i i l ~ i t i ~ n ~  (9). whose condiicti\-itiez can br inrawred directly with a 
~)latinnm t~lectrodc coniliicti\-it~- ccll. For example. tlie data of Figure 9 was 
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cuits due to the conductivity of enclosed ionic solutions are shown for frequencies of
1, 5, and 14 Mc. (After Wharton, Hawk% and Katz 1962.)



WHARTO_X: Pla_ma Diagnostic Techniq71_s 17

obtained in an experiment at Livermore (10) from a coil _Tapped around a section
of pyrex plasma chamber which had been removed and filled with a conducting
solution. The Q _s measured by ob_rving the width /f at half-height of the
frequency response, where

f (12)0=?-?

The center frequency f0 was held constant by trimming C_ slightly as the conduc-
tivity was varied. Q0 was 105 for the 5-Me coil and 85 for the 14-Me coil, with
distilled water in the chamber. A Faraday screen inside the coil helped reduce
electrostatic effects between the coil and the solution, and later when the assembly

was used to study high density plasmas.

13. Langmuir Probes

A conducting probe immersed in a plasma will emit or collect current, depending

upon the voltage impressed (11). The technique has been extensively used and in
many cases the quantities measured compare very well with those obtained by other
means (12).

lla. Single Langmuir Probes

Typical characteristics for a single probe, whose dimensions are small compared
to electron and ion mean-free paths, are shown for a plasma in the absence of
magnetic field, in Figure 10.

The probe potential is measured in respect to some convenient,, fixed-potential
point, such as the anode or walls of a discharge tube or a floating "wall probe"
which has an area at least 50 times as large as the probe itself.

When the probe potential V is made very negative all electrons are repelled and
only ions collected. The random ion current passing through an area A in the
plasma is related to the ion density and the velocity

n+ {13)
J+ = A-"_v= 4 = 4 'u rn +

where I+ is the random ion current, amp,
J+ is the random ion current densi_ _, amp/m e,

Ar is the area of the probe, m 2,
m + is the ion mass, 1.67 x 10-27 kgm for protons,
n+ is the ion density, no./m 3,
vtt,= (2kT/m +)1f2= mean kinetic ion velocity, m/sec.

Equation (13) would be valid also for ion current collected by a probe if the

presence of the probe caused no perturbation in the surrounding random plasma
currents. The probe does perturb the plasma, however. The volume which the
probe occupies provides an energy sink for all particles which strike it and the
fringing fields extend for a considerable distance into the surroundings (13). As a
result, the collected ion current density seems to be more a function of the electron
temperature than of the ion temperature. This effect is due to the formation of a

positive sheath around the probe. The extent of the sheath's influence is determined
by the electron temperature. For T_ < T_ the ion current density is nearly in-
dependent of the ion temperature, and equation (13) can be modified to (14)

J+ _ 0.4n+ J2k___e amp/me (14)
m+
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FIGURE 10. Langmuir probe characteristics plotted on linear and logarithmic scales.

If secondary electrons are emitted by tile collected ions they also give a positive

current indistinguishable from the ion current.

When V is made less negative, a few of the high-energy electrons are collected,

partially cancelling the positive ion current. As the potential is changed further in

the positive direction, the random ion and electron currents collected just cancel.

This probe-plasma potential, VF in Figure 10, is the "floating potential". For a

thermalized plasma this voltage is approximately ½kTe (expressed in electron volts).

Increasing V beyond VF results in a steep rise in electron current, in region II.

This current eventually saturates at the "space potential" value, V_, due to space-

charge limitation in current collection. According to the sketch in Figure 10, we

have V_=0. In region II tile probe electron current follows a logarithmic dependence

In/e= +(_T_) V+lnAJo (15)

where A_ is the area of the probe sheath_Ap,



FlGtTtE 11. Probe and waveguide assemblies mounted in tubing introduced through a 
vacuum wall with Wilson seals. (Courtesy General Atomic. San Diego, California.) 

.I, i. the random electron ciirrcnt clrnd!-. ami '  ni2: J 0 = J ,  

k T ,  i. esprewed in electron volts. 

, I .  
1- tlir electron charge. 1.6~ couloml~. 

The total ~ m h e  current i q  the difference Iwtn ern t h e  electron ciirrcvit and ion 
ciirrerit Since it i- the total prohr current. 1. that ic  mea-nrrd. to  find 1, in 
q i a t i o n  (1.5) n e  iTTite 

I C  = I+-]  <t!ld J ,  = J+- ,  (16) 
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Equation (16) implies that the probe sheath is thin compared to probe dimensions,

so that As_A_, and is constant in size. In many experiments the sheath thickness

X < 0.1 mm and we are justified in using equation (16).

When we plot the logarithm of Je versus probe voltage V or display the current

on an oscilloscope having a logarithmic amplifier, as in Figure 10, the slope yields

the electron temperature

dV AV

Te = d[ln (g+ Ig+ I)] _ A[ln (g+ IJ+ l)] eV (17)

The slope of Figure 10 corresponds to _ 1.5 eV.

Increasing the probe voltage beyond V_ does not cause J to rise much higher than

Js, due to spacecharge. The spacecharge saturation current is

18 = JsA_ ,_ JoA_ = neAs 2kT_
4 m e

Comparing equation (18) with equation (14) we note that

(18)

YT+_ (19)

13b. Single Probe with a Magnetic Field

When a magnetic field is present, conditions alter. Since the effective mean-free-

paths may now compare to prove dimensions, the electron spacecharge saturation

current is reduced. It is only the mobility transverse to the field which is impaired,

however, and electrons may flow along the lines essentially unimpeded, so that the

probe may actually be sampling the conditions in the plasma some distance away.

There may also be a "short-circuiting" effect if magnetic lines connect the probe

with conducting surfaces, so that current can flow in the conductor across the field

lines.

Since the ion gyro radius is much bigger than that of electrons, the ion saturation

current, J +, is not affected much until the field strength is fairly large.

By ordering the axis of the probe either along or across the field lines, the

collection of electrons across and along field lines, respectively, may be observed.

The I-V slopes at low current values are essentially the same and at moderate field

strengths the log-plot still yields valid electron temperatures (14).

Figure 11 shows two Langmuir probes and two microwave horns mounted in

movable vacuum seals that permit positioning the probes anywhere inside a

chamber within 0.05 inch.

13c. Double Floating Probes

To avoid drawing the large electron currents of region III in Figure 10 the double

floating probe technique is useful (15). Two probes, ordinarily of equal area, are

inserted into the plasma and the difference in current due to an applied voltage

difference is measured.

13d. Double Probes, No Magnetic Field

In the absence of a magnetic field the characteristics look similar to the bottom

graph of Figure 10. For equal probe areas the top and bottom parts are symmetrical

and represent only the magnitude of the saturated ion current. This is so since the

difference of the probe currents must be zero and when the negative probe reaches
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ion saturation the current of the positive probe must also saturate. The saturation
value is again given by equation (14) if the electron temperature is known. Since a
plasma is grossly neutral we may presume that ne = n +.

To find the electron temperature we may use equation (15) again. It will be
convenient to reuwite it in the notation used in the bottom graph of Figure 10.
We shall be very general and presume that the probe areas are not equal and
therefore lpl # ]p2.

Since the net current to the system must be zero,

Ipl + Ip2 = _ Iv = Iel + Ie2 = A_Jo exp (¢V_) +A2J0 exp (¢V2)

where A1. 2 is the area of the respective probes,
Jo is the random electron space current density,
V1.2 is the plasma-to-probe potential,
V_ = V2- V1,

ID=Ipl--Iel=I_2--Ip2,
e 1 11,600

¢=_ = _ = Te(°K)

The logarithm of equation (20) is

In [[_I_i_a_1] = -¢VD+lnA_

(20)

(21)

The slope of equation (21) plotted against V D yields the electron temperature, just
as in section 13a.

13e. Double Probes in a IVla'gnetie Field

Double probes are not influenced as much by magnetic fields as are single probes.
The collected current is governed by ion mobility and it is not until the magnetic
field strength is very large (several thousand gauss) that the ion gyro radius is as
small as the probe size.

W'hen the field is large so that the collected ion current is limited by the orbital
motion, the Mott-Smith (16) theory applies. For large negative potentials (large
sheath thickness) the slope of ion current squared versus voltage gives the ion
density

d(J_) 2ca n_ (22)
d V = - _2m'--"_

14. Plasma Wave and Resonant Probes

_'nen plasma waves or oscillations are present they may be detected with
probes. Spaceeharge waves may also be launched with probes, but this method of
launching tends to excite all modes. Langmuir-type probes having coaxial shields
brought up near the collecting surface are adequate for many measurements up to
frequencies of 1000 Mc (17). A pair of small disc probes has been used successfully
to measure wp in dilute plasma (18) and, in fact, wire and disc probes were used in
experiments that probably were the first microwave diagnostic measurements (9).

Probes fed by resonant transmission lines (19) permit measurement of the plasma
impedance, wave damping, and wavelength. Probes loosely coupled to a tunable
filter, such as a motor-driven coaxial resonator (20), permit rapid analysis of the
frequency spectrum of oscillations picked up in the plasma, or as a means to filter
received signals. The movable probes shown in Figure II were used for these
purposes, as well as for Langmuir probes.
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15. Magnetic Probes

Small inductive probes immersed in the plasma will have voltages induced in
them by changes in the local magnetic field, dB/dt (21, 22). Field sensitive elements,
such as Hall current probes, measure the instantaneous magnitude of the magnetic
field, B0. Magnetic probes may be made as small as 1 mm in diameter and grouped
in x-y-z arrays to measure three-dimensional field configurations (23). Current

density contours and the presence of hydromagnetic instabilities in dense plasmas
are measured by a linear array across current channels. The data can be displayed
by rapid sampling. The output voltage of the coil-type probe may be integrated

to yield the magnitude of field. The resulting signals are very small (depending on
the integration time) and care must be used to avoid stray pickup. Hall probes have
outputs of a volt or so, response times up into the megacycle range, and are easily

calibrated with a standard magnet. They are somewhat temperature-sensitive.
Another kind of coil assembly that measures rates of change in enclosed current

channels is the Rogowsky loop or girdle (24). The assembly consists of two sets of
coils, one around the entire experimental region and the other around only the
current channel or a part of it. The difference in induced voltage represents the
currents not enclosed, such as wall currents. The coils may be segmented, with leads
brought out separately, to indicate current profiles.

Low inductance coils can also be used to pick up high-frequency fluctuations,
such as those associated with ion wave instabilities or ion cyclotron frequency
instabilities. These frequencies are typically from 10 kc to l0 Mc.

16. Optical Spectroscopy

Spectroscopic observations have been extensively used for plasma studies,
especially for equilibrium plasmas, where the Saha conditions apply (25). A great
deal of work has been done in applying the "standard techniques" of Doppler
broadening, Stark broadening, Zeeman splitting, and line identification to the
understanding of intense discharges. For atoms that exhibit first-order Stark
effect, some idea of the ion density can be derived through application of micro field
theories from measurements on the extent of the profile wings. The use of a
Fabry-Perot interferometer increases the resolution (26).

The thermal Doppler broadening of such lines as the ionized He II 4686 =_ pro-
vides direct measure of the mean kinetic energy of the ions, when no mass motions
are present. Presuming equilibrium, the Doppler width is (27)

(23)

The line half width then becomes

2A'A = 1.67AAD = 7.Ix I0 -7 --_

where A is the ion mass relative to hydrogen. This is typically a fraction of an
Angstrom at temperatures of 106 °K.

Stark broadening becomes measurable only at ion densities above 10_6/cm 3.
Below this density (and even above, if the ion temperature is high) the Doppler
broadening dominates.

Electron density in hydrogenic plasmas can be measured by observing the
B_I .... • _£ 1;_ Tl_a ]._- .... h_-_bl, lln_ is sore_ewhat below the theoretical
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limit because of the smearing of emission wavelengths due to the microfields. The

last resolvable line is given by Inghs and Teller (28)

_-ao _,2=2 3=2 _e2z2

z aoA'_ (24)

or when expressed in terms of density

1023

n_ _ N_-=---_ (25)

where a0 is the atomic Bohr radius,

Z is the atomic number,

N_ is the total quantum number of the last distin_lishable line,

e is the electron charge,

ne is the electron density.

For hydrogen when H20 can just 1)e resolve(l, tile density is _3 × 10a3/cm 3. Tile
Bahner limit is at A _ 3650 A.

At high temperatures the plasma is almost totally ionized and very little visible

light is emitted. Most of the faint emission then appears in the ultraviolet and

special techniques must then be used (29). In some experiments there are impurities

such as 0 or C whose radiation can be viewed, or impurities such as He or A may be
added.

17. Fast Photography

Discharges which emit intense light, such as pinches and shocks, may be studied

with time-resolved photography. The diameter of the luminous column may be

recorded as a function of time by sweeping the image of a viewing slit with a

rotating mirror. Framed pictures may also be taken with Kerr cells, image-con-

verter tubes, and rotating-mirror framing cameras. The lines of a spectrometer may

be scanned by the use of rotating slits or mirrors, to give time-resolved spectra.

Such measurements of the luminous features of discharges must be backed up by

other measurements. For example, in shock tubes "precursors" and other fast

ionization and excitation fronts often precede the main shock front. The details of

constriction often follow the dips of current in fast pinches and the development of

instabilities is easily discernible.
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2. John A. Thornton: Electric and

Electromagnetic Shock Tubes

k95 The classical diaphragm shock tube presents serious limitations

in the production of very high temperatures and velocities. Accordingly,

electric and electromagnetic shock tubes have received considerable

attention as devices capable of generating shock waves both of extremely

high Mach numbers, up to several hundred, and of extremely high

temperatures, over one hundred thousand degrees Kelvin. Recent

investigations have indicated several characteristics, such as electron,-

driven shock, s, precursor effects, and driver-driven gas mixing, which

affect the applicevbility of these shock tubes as research tools. These

investigations are surveyed and consideration is given to the poten-

tialities, limitations, and design trends which they suqgest for electric

atwl EM shock tubes as laboratory devices. Finally, important

diagnostic techniques are surveyed.

INTRODUCTION AND GENERAL DISCUSSION

An electric shock tube is defined as a shock tube in which the driving energy is

imparted to the gas by electric means, and an electromagnetic or EM shock tube as

a device in which the driving energy is imparted to the gas by both electric and

magnetic means. The emphasis in this paper is directed at the electric and EM

shock tubes as laboratory devices for experimental studies in plasma physics

although it is to be noted that the driving processes in many of the pulsed-plasma

accelerator concepts being investigated for propulsion applications are very similar
to those in EM shock tubes.

The conventional gas-driven diaphragm shock tube has become a very important

research tool in experimental gas dynamics because the thermodynamic state of the

shocked gas is completely defined, in principle, at least, by three easy-to-measure

parameters: the pressure and temperature in the expansion chamber and the shock

velocity (1-4). Nevertheless, such shock tubes are severely limited in producing

high-velocity, highly-ionized plasmas. To understand these limitations and the

potentialities of electric and EM shock tubes, it is profitable to consider briefly the

classical shock tube formalism. Figure 1 is a sketch of the theoretical pressure

distribution in a classical shock tube shortly after the diaphragm has been broken.

The regions defined in this figure have become incorporated into standard shock

tube nomenclature as subscripts and will be used throughout this paper.

According to a ]inearized perfect gas analysis, the shock Mach number M_ is a

function of the initial pressure ratio P4/Px and the species of the gases in the driver

ED. NOTE: Dr. Thornton is with the Space Sciences Laboratory., Litton Systems, Inc.,

Beverly Hills, California. This work was performed under the sponsorship

of the Air Force Office of Scientific Research under grant No. AFOSR
62-307.
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FIGURE 1. Pressure distribution in a diaphragm shock tube (theoretical).

section (region 4) and the expansion section (region 2); it is given implicitly by the

following equation:

-- = 1 (1)

Pl 7,1 + 1 1 (Y4-- 1) a 1 --=-_s(71+1)a_ M_

where a is the sonic velocity and 7 is the ratio of specific heats. Equation (1) can be

thought of as defining the regime of performance of the classical shock tube con-

cept (see Figure 2). This regime is bounded by two extremes in the shock tube

driving potential; at one extreme the pressure ratio P4/P_ is due to a density-

generated pressure in the driver (P4) and at the other extreme to a thermal-

generated pressure in the driver gas. The low performance curve on the left in

Figure 2 represents a density-driven shock tube with identical gas species at

identical temperatures on both sides of the diaphragm and is defined by setting

N4>N1, yl=y4, and T4=TI=T, and noting that a='_/yRT in equation (1)

(N--particle number density). The high performance curve corresponds to a

thermal-driven shock tube with identical gas species at identical densities on both

sides of the diaphragm and is defined by setting T4 > T_, y_ =Y4, and N4 = N_.

It is easily shown that in the limit of an infinite pressure ratio the maximum

obtainable shock Mach number is independent of the pressure ratio and depends

primarily on the sonic velocities in the driver and driven gases (1). Accordingly,

diaphragm shock tube performance is improved by using light gases such as

hydrogen or helium in the driver; in addition, the driver gas is often heated by

combustion or by an electric discharge technique (4). Theoretical performance

curves for several driver configurations are shown in Figure 2, where it can be seen

that they simply tend to make the shock tube performance curve approach that of

the thermal shock tube. Equation (1) has been solved for a thermal shock tube with

a y of 5/3, yielding (5)

IkT \i12

where m_ is the ion mass. Equation (2) can be written as

:_M, o v::o. o : o. otfJ

(2)

(3)

Indeed, the thermal shock tube, in which the driving pressure is generated entirely

by the temperature and which has, therel%re, the highest possible (!r ver-section
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FIGURE 2. Diaphragm shock tube performance (theoretical).

sonic velocity for a given gas species and pressure, constitutes the performance
limit for the classical shock tube concept and accordingly might be called the
idealized shock tube.

The simple electric shock tube such as the T-tube sho_ in Figure 3 is an
example of a thermal shock tube. The potential energy is stored in power storage
capacitors and enters the gas in a very short time via an electric discharge, thereby
generating a high temperature plasma in the electrode region. This discharge

2 IY
E LECTRODES

V GLASS TUBE

3
TO

_--_ VACUUM

PUMP

FIGURE 3. Fowler's T-tube apparatus.
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plasma then constitutes the driver gas of the electric shock tube. In the EM shock

tube the discharge plasma is in effect given an additional acceleration by the

interaction of a magnetic field with the discharge current. Although the electric

discharge produces a thermal driver and makes the electric and EM shock tubes

capable of extremely high Mach numbers, it also introduces several serious com-

plications which affect their applicability as research tools. These characteristics,

outlined as follows, are discussed in more detail in subsequent sections:

(1) Even though much research has been done on the electric discharge, it

remains one of the least understood of nature's phenomena. Thus it is not

possible to predict the conditions in the discharge plasma from the initial

conditions of capacitor energy and ambient pressure, and reproducibility is

often poor.

(2) A high driver-section sonic velocity is desirable for high shock velocities;

however, coupled with the short lengths of the driver plasma and the short

periods of coupling between the magnetic field and the discharge plasma in

most EM configurations, this results in severe shock velocity attenuation.

(3) Measurements in electric shock tubes are usually made at points much

closer to the electrode region than to the diaphragm in classical shock tubes

in corresponding measurements. This results in a short region of shocked gas.

Also, the ambient pressures employed in electric shock tubes are generally

less by orders of magnitude than the pressures employed in diaphragm shock

tubes. Accordingly, under some conditions the discharge plasma may be out

of equilibrium during the acceleration and expansion processes. Also, the

contact surface breaks down, and at low pressures a complete mixing of the

driver and driven gases occurs. Not only are the shocked gases perturbed

from behind by the breakdown of the contact surface, but also the cold gas

ahead of the shock front is perturbed by the absorption of ultraviolet and

X-ray radiation from the discharge. Therefore the Rankine Hugoniot

equations generally cannot be used with a simple measurement of the shock

velocity and ambient pressure to compute the thermodynamic state of the

gas behind the shock front.

DEVELOPMENT OF ELECTRIC AND ELECTROMAGNETIC
SHOCK TUBES

While the diaphragm shock tube seems to have been a rather logical invention

extending from the definition of a shock wave, the electric shock tube was dis-

covered in 1951 by R. G. Fowler and his students (6 7), who were using the

T-tube arrangement shown in Figure 3 to investigate the luminosity which

invaded branch paths after low pressure gaseous discharges. They observed this

luminosity in the side arm of the T-tube, attributed it to a violent expansion of the

ion cloud created in the discharge, and concluded that the expansion frequently

generates luminosity-producing shock waves with Mach numbers as high as 30.

Recognizing the possibilities of an electric shock tube for aerodynamic investiga-

tions, Fowler's group continued their work (8-10).

Elsewhere, however, diaphragm shock tubes were considered adequate for

generating the thermodynamic states of interest at that time (Mach 20 and less)

and they continued to dominate the scene for the next five years. By 1955 the

increased interest in controlled thermonuclear fusion, space propulsion, and

hypersonic aerodynamics (particularly reentry problems) made it desirable to

prouuce iii the l__-_oora.... boric mgn_' ' temperature pl_met_,-_'......... u_tw_c*...... _u.:_t" _._t_m_y_"*..... 1.. _'_"_'_l"
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FIGURE 4. Electronmgnetic T-tube.

)

velocities. In 1956 Kolb added an externM magnetic field to Fowler's T-tube
(11-12), thus forming the first EM shock tube. The field was provided by coupling
a backstrap or coil to the primary discharge or by a separate but synchronized
current source. The primary circuit backstrap type of the EM T-tube is shown in

F_ 4.
Soon many additional EM shock tube geometries were developed. Blackman

discharged a low-inductance condenser through a single-turn copper coil wrapped

SPARK GAP

SWITCH

2*

RETURN PYREX

ST R AP EXPANSION

(1 OF 6) TUBE

CE_NT ER _ RING

ELECTRODE ELECTRODE

FIGURE 5. Conical electromagnetic shock tube.
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around a straight glass tube and generated reasonably plane shock waves (18).
The group at AVCO developed an annular electromagnetic shock tube (MAST)
which has produced strong one-dimensional shock waves of over 200 (14-15).
The MAST has been used in a continuing research program to study the structure
of strong shock waves propagating into a transverse magnetic field (16-18).
Josephson developed the conical configuration shown in Figure 5 in attempting to
obtain less contamination of the gas (19). A group at Lockheed conducted experi-
ments using EM T-tubes, conical tubes, and the cylindrical configuration shown
in Figure 6 (20-22).

REAR INSULATOR
CYLINDRICAL ELECTRODE

PYREX

___ EXPANSIONTUBE

CENTER. ELECTRODE

SPARK GAP SWITCH

FIGURE 6. Cylindrical electrode electromagnetic shock tube.

In subsequent years many investigations have been conducted, not only in the°

laboratories where these original geometries were developed but also in other
industrial and university laboratories in this country and abroad, as summarized
in Table I. In a number of the early investigations it was enthusiastically assumed
that many of the desirable characteristics of the classical shock tubes would also be
applicable to the electric and EM shock tubes. Later investigations discovered the
limitations listed in the introduction.

Recent reports describe new configurations attempting to minimize the
limitations and to make electric and EM shock tubes more useful laboratory tools.

Stay (23) reports a new E_ shock tube designed with a Mylar diaphragm separa-
ting the electrode region from the expansion tube. A dense gas such as nitrogen is
used as the driver to impede the attenuation process. It was noted in the preceding
section that the result of a very high sonic velocity in the driver is a high initial
shock velocity and a high rate of shock velocity attenuation. Thus Smy's intention
was to reduce the velocity attenuation at the expense of the initial shock velocity.
Also his diaphragm shields the cold gas from precursor radiation originating in the
electric discharge.

It might be said that Smy's modifications are moving in the direction of a
compromise between the EM shock tube and classical gas-driven shock tube.
Indeed this is the case in a new configuration developed by Carom and Rose (24).
Energy densities of up to 400 J/ca are discharged into a helium filled driver section
10} inches long. The helium, which is initiMly at a pressure of a few hundred psi, is
raised to 10,000 to 20,000 psi and a temperature of 10,000 to 20,000°K. The high
pressure bursts a scribed diaphragm and drives a shock wave with velocities as high
as 43,000 ft/sec down a 20-ft expansion tube filled with air. Electrical heating of the
driver in a classical shock tube is not new (4), but the Camm-Rose tube is believed
to be the first of this type in which the major component of the driving pressure is
thermal-generated, and accordingly we classify it as an electric shock tube. Initial
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tests indicate that the average shock velocity attenuation is low and that test

time intervals between the shock front and contact surface approach theoretical

values. However, despite the fact that their shock tube is a recent innovation,

Camm and Rose conclude that the device is operating near the limits of test time

and velocity which can be expected from a shock tube operating in this manner,

since radiation effects appear to make it difficult to maintain the driver temperature

above 20,000°K regardless of the initial conditions.

Recently Fowler has tested an electric shock tube with a segmented many-

electrode driver section 1 m long (25). Early experiments indicate that shock

Mach numbers of several hundred can be obtained. The long driver section

maintains a high electron temperature (estimated _ 106°K), and preliminary tests

indicate that shock velocity attenuation is small.

THE ELECTRIC DISCHARGE AND THE SHOCK EXPANSION

During the low pressure gaseous discharge in an electric or EM shock tube, the

electric field imparts the capacitor energy preferentially to the electrons. This is

due to the inertial effect which prevents the ions from being accelerated between

collisions to the same velocity as the electrons. Thus, at the conclusion of the

discharge, if the pressure is low, the electron temperature may be several orders of

magnitude greater than the neutral or ion temperature. The characteristic time for

thermal equilibration between electrons and ions in a fully-ionized gas is a function

of 1/N e and Te a/2 and a weak function of Ti for T_ > T_ (26). For example, in an

argon plasma with an electron temperature of 20,000°K, an ion temperature of

about 1000°K, and an electron density of 101_ clectrons/cc, the thermal equili-

bration times have been estimated to be of the order of 0.1 _sec; but when N e = l015,

the equilibration times can be of the order of I0 _sec (27). Under such conditions

the electron partial pressure in the driver plasma is indeed the primary source of

shock motion for sustained lengths of time. The instantaneous total pressure in the

driver plasma is the sum of the partial pressures of the electrons and the heavy

particles. Therefore, because of the competing processes of energy injection and

thermal equilibration, it is possible under certain conditions of tube size and

voltage for the total pressure to exhibit two maximums, the first giving rise to the

electron-driven shock wave and the second resulting from equilibration and

providing the source for a second shock wave which we shall arbitrarily call the

"hydrodynamically-driven shock wave" because the driver plasma is now in or

near thermal equilibrium.

The existence of electron-driven shock waves was first recognized by Fowler (28),

who observed that in small-diameter electric shock tubes (_ 1 mm) and at low

pressures (_ 1 mm Hg) electron-driven shock waves would propagate from the

electrode region at times which were nearly an order of magnitude too brief for

thermal equilibration. In larger diameter tubes at low pressures, two shock fronts

were observed: an electron-driven front followed by a hydrodynamic shock front.

In these large diameter tubes at higher pressures only the hydrodynamic fronts
were observed.

Fowler concluded experimentally (28) that the velocity of the electron-driven

shock fronts can be approximated by

V_ oc (4)
\m,]

where a 4 = (kT_/mi) 112 is the effective sonic velocity of the non-equilibrium driver.

The similarity between equation (4) and equation (2) for the thermal shock tube
- :11

_m be noted.
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The energy exchange process in the EM shock tube is complicated by the

coupling provided by interaction between the discharge current and the magnetic

field and is therefore very sensitive to the electrode geometry. While various

attempts have been made to uncouple the magnetic and thermal driving processes

for the purpose of analysis (2_), the emphasis here will be on the qualitative

features of the problem. In effect a "glob" of driver plasma is created by the electric

discharge and is driven from the electrode region by the magnetic field.

In most configurations the magnetic acceleration is of limited duration. After

that the moving plasma undergoes an expansion which approaches that of a one-

dimensional blast wave because of the short length of the glob of accelerated plasma

(21, 35-37).

In the conical configuration the driver plasma is compressed as it is driven from

the electrode region. This increase in the density of the driver plasma thereby

increases the rate of thermal equilibration and decreases the threshold pressure

below which electron-driven shock waves are expected. Though electron driven

shock waves have been reported in conical tubes (28), evidence of thermal equili-

bration has been found at a point 8 inches from the ring electrode in a 3-inch

diameter tube operating with argon at an ambient pressure of 50 [z-Hg (27).

Fowler (38) has noted that although the driving effect of the magnetic field in the

EM T-tube can be thought of as forcing the discharge current loop into the side

arm, where its driving effect is replaced by a rail-t)_pe drive produced by the

efforts of the hairpin current to straighten itself, the major effect of the magnetic

field may be to force hot electrons of the main discharge into the side arm where

their electron pressure supplies a drive which is not weakened by expansion as in

the classical shock tube. The blast wave nature of the ensuing shock motion

would then be explained by noting that. T_ocEocV/x where E is the electric

field strength at the shock front, V is the voltage on the capacitors, and x

is the position of the shock. The electron-driven shock front, would then exhibit

the same velocity attenuation characteristics as the blast wave, i.e., |lsocx-1/2

[equation (4)].

In general the highest velocities are obtained when the electrode geometry is

designed for an effective transmission-line or rail-t)Te drive in which the magnetic

forces are more fully utilized (39). The MAST is such a device. The discharge

begins as a radial current in the annulus between concentric electrode cylinders.

The current sheet is then driven outward by the interaction between these radial

currents and the azimuthal fields which are present in the region between the

electrodes, and into an annular expansion tube with non-conducting walls. Thus,

as the drive progresses, two concentric axial sheet-current arcs form to connect the

electrodes u_th the propagating radial arc.

During the initial phases of the electric discharge, the electron temperature can

become very high resulting in large radiation losses and the removal of large

amounts of contaminants from the tube walls. Cases have been reported (40) in

which impurities have been vaporized from the driver section in sufficient amounts

to counteract the rarefaction waves and significantly reduce shock velocity

attenuation. Experiments show high levels of silicon wall impurities even in the

conical EM shock tubes which were designed to minimize this effect (27). These
contaminants increase radiation losses from the driver. Estimates made from data

obtained in electric (41) and conical-type EM (27) shock tubes indicate that only

1°_, or 2 ° of the stored capacitor energy can be accounted for in thermal and

kinetic energy of the expanding plasma. It is interesting to note that the rate of

shock velocity attenuation is not affected by radiation losses under most shock

tube operating conditions (37).
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PRECURSOR EFFECTS

Wc shall define a precursor effect as any effect which results in a perturbation

of the state of the background gas ahead of a shock front. It is difficult to generalize

on precursor observations reported in the literature, because many of the papers

do not itemize information such as electrode material or the existence of ground

loops in the shock tube circuit--information which can be important in determining

what precursor process dominates in a given situation. However, precursor

phenomena can be attributed to three general processes--electron diffusion,

radiation, or breakdown waves--and have been observed in conventional, electric,

and electromagnetic shock tubes. Electron diffusion appears to be the dominant

mechanism in diaphragm shock tubes (42-44), although radiation effects have been

reported (45-47). Radiation and breakdown waves are the principal causes of

precursor effects in electric and EM shock tubes.

Radiation from the high temperature gaseous discharge results in photoelectric

emission from metallic surfaces within the shock tube and pre-excitation of the

background gas due to absorption. Radiation investigations generally consist of

three parts: (1) postulation of a type of radiation which would result in the

observed perturbation of the cold gas; (2) an experiment to show that the observed

phenomenon was not caused by fast electrons escaping from the highly ionized

plasma; and (3) an experiment to identify the source of the radiation. Although

photoelectric emission was observed in the first electric shock tube (8), recent

investigations have verified the existence of unbroadened precursor line emission

from the cold gas ahead of the shock front in both the T- (48) and conical (49) EM

shock tubes. The primary source of this precursor effect has been traced to radiation

emitted from the discharge region (50); and since the cold low pressure gas ahead

of the shock front is optically thin to radiation in the visible region, the source

must be attributed to radiation in the vacuum ultraviolet (A<2000 A) or the

X-ray regions (_ < 50 A). Although kinetic models have been suggested (4849) for

the absorption of ultraviolet radiation and the ultimate emission of the observed

line radiation, X-rays have been found prominent in forming an ionizing precursor

disturbance which travels through the background gas during the electric discharge

(51). This X-ray effect was observed in a conical EM shock tube, where the back-

ground gas faces the positive center electrode, when the discharge voltage was

above the threshold value needed to produce K_ radiation from the positive elec-

trode. Radiation precursor effects have been found to be strongly dependent on

the impurity level in the background gas (85).

When electric or EM shock tubes are operated at low pressures, stray currents

have been observed to propagate downstream to grounded points along the

expansion tube such as vacuum system junctions (27, 52-53). Such currents, and

other propagating disturbances which cannot be attributed to radiation processes,

will be classified as breakdown waves. For example, an electrostatic disturbance

with associated faint luminous front has been reported (54) moving ahead of the

shock at approximately 3 x 107 cm/sec in a conical tube, and Kerr cell studies (55)

have shown what appeared to be the formation of a precursor boundary layer on

the surface of a probe placed in a cylindrical type tube. Luminosity producing

precursor waves have been observed (56) leaving the electrode region of the

segmented electrode electric shock tube immediately after the discharge and

moving more than a meter into the field-free region at velocities of 10 a cm/sec.

The waves are attributed (57) to the very high electron pressure which develops in
such a device.



THOa._TO_: Electric and Electromagnetic Shoc]c Tubes 39

It is very difficult to make accurate quantitative judgments of how much these

precursor processes perturb the cold gas. Although microwave experiments can be

used to obtain information on the electron density [101°-1013 cm -3 (85-86)], it is

difficult to estimate the degree of excitation of the bound states since the back-

ground gas is not in equilibrium. The internal excitation of the bound states can

have a pronounced effect on the thermodynamic state which develops behind the

shock front (58-59). It should be noted, however, that under some low pressure

operating conditions contact surface breakdown would make it impossible to use

the Rankine-Hugoniot equations even ff the state ahead of the shock front were

accurately known.

CONTACT SURFACE BREAKDOWN

The concept of a contact surface originates from the diaphragm shock tube

formalism and is defined as the diffusion interface which separates the gas which

was originally in the electrode region from that originally in the expansion tube.

The low" pressures at which electric and EM shock tubes are often operated result

in a breakdown of the contact surface. The importance of this effect has been

illustrated by the experimental observations of Fowler (8), using electric shock

tubes, and of Chang (_), Cloupeau (52, 61_4), and this author (27), using EM

shock tubes. Fowler, Chang, and Cloupeau investigated the behavior of the shock

and contact surfaces as they were reflected from an obstacle or another shock front.

Chang identified the shock front by mounting a piezoelectric pressure probe in the

end plate of the shock tube. Fowler (8) and Cloupeau (52) identified the source of

the radiation by placing different gas species in the electrode and expansion tube

regions and making time-resolved spectroscopic observations. This investigator,

using time resolved spectroscopy, found evidence of impurities from the discharge

region throughout the slug of accelerated plasma in a conical EM shock tube.
The results of these observations can be summarized as follows:

(1) The d)_namics of the driver and driven gases and the existence of a luminous

well-defined shock-hcated region are very dependent on the ambient pressure,

test gas species, and firing voltage.

(2) At high pressures no luminosity is observed from the shocked gas even after

the shock is reflected, Mthough the driver plasma is clearly luminous.

Spectroscopic investigations at these conditions in EM shock tubes show that,

although the contact surface has not broken down, some of the driven gas is

passing through the contact surface rather than being compressed in front
of it.

(3) As the pressure is lowered while the test gas and firing voltage are kept

identical with (2), above, the reflected shock becomes visible; and finally,

after continuing to lower the pressure one reaches a point where luminosity

can be observed from behind the shock front as it separates and moves ahead

of the contact surface. (The distance which the driver plasma propagates

downstream and the point of onset of the luminosity from behind the shock

front are very dependent on the test gas species and firing voltage.) Spectro-

scopic studies in EM shock tubes show" that at these conditions there exists a

region of pure shocked gas followed by the driver plasma, mixed with some

of the driven gas. As the pressure is further reduced the primary shock front

becomes progressively more luminous and the contact surface becomes

indistinguishable. Under these conditions spectroscopic investigations in an

EM T-tube show that the contact surface has completely broken down and

that the driver plasma species can be found at the shock front (65).
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The cause of the complete mixing is not clear at this point. It has been observed

at pressures which, in terms of equilibration times, are marginal for the existence

of electron driven shock waves. However, it has been noted in the preceding section

that a high electron pressure may be maintained at the leading edge of the plasma

as long as the discharge current continues to flow. Streak photographs indicate that

the current was still flowing when the mixing was observed. Cloupeau has suggested

that the discharge plasma may move into the tube as a projectile (or a group of

projectiles), creating a shock wave whose front stays scarcely detached from the

projectile. This model is very similar to Fowler's proposed theory for electron

driven shock waves (66) in which it is assumed that a hot electron gas expands

down the tube pulling a cold positive ion wind by the action of Coulomb forces.

All electron-neutral collisions are neglected except for ionizing ones, so that an

incident neutral atom passes through the front and continues at a constant velocity

until it is ionized.

Several other mechanisms might be suggested to explain the contact surface

breakdown. The deflection of the discharge current by the magnetic field may

cause a turbulent mixing of the driver and driven gases. This process may be

important in the conical tube where mixing has been observed in plasmas which

appear to be in thermal equilibrium. Other possibilities might be a boundary layer

allowing driven gas to escape past the contact surface (67) or a diffusion process,

since under some conditions the density of the driven gas at the contact surface will

be higher than that of the higher temperature driver plasma. The diffusion process

is of particular interest since, when two fluids are accelerated in a direction per-

pendicular to their interface and in a direction from the less dense to the more

dense, small irregularities in the interracial boundary grow exponentially and

turbulence develops (Taylor instability) (68). Kerr cell photographs show that the

shape of the luminous front often is not reproducible and appears turbulent in

form (55, 87).

CONCLUSIONS

Electric and EM shock tubes are capable of generating gas samples with higher

temperatures and velocities than can be obtained in conventional gas-driven

diaphragm shock tubes. However, the simple electric and EM shock tubes of the

T-, cylindrical, and conical types are not suited for quantitative aerodynamic

studies because of the brevity of available test times and the blast wave nature of

the expansion, resulting in severe gradients in the thermodynamic state; nor are

they suited for chemical kinetic studies involving the reactions in the shock front,

because of precursor effects and contact surface mixing. _Nevertheless, simple

electric and EM shock tubes are very useful when a high-temperature, high-

velocity gas sample is required. For example, EM T-tubes have been used for

measuring Stark profiles of helium and hydrogen lines in the visible spectrum (69),

and for ultraviolet line profile and oscillator strength measurements (7{), 88).

Conical EM tubes have been used for semiquantitative magnetoaerodynamic

studies (71), for studying a small wire-resistance heat transfer gauge (72) and an

infrared heat transfer gauge (73), and to inject plasma samples into both cusp and

perpendicular magnetic fields (74-75). The simplicity and low cost of these shock

tubes make them particularly suitable for educational laboratories (76).

Although the Rankine-Hugoniot equations cannot be used to determine

accurately the thermodynamic state of the plasma sample (77), this information

can be obtained experimentally. Optical interferomcters have been successfully
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used to make time-resolved electron density measurements (77-78). Time-

integrated spectroscopy is useful in determining the impurities which are present,

and time-resolved line emission spectroscopy can be used t_) obtain the electron

temperature and density and the atom and ion densities throughout the accelerated

plasma if the electron density is high enough to insure a Boltzmann distribution

over the bound states (79). Time resolved spectroscopic measurements can be

made either by placing a rotating mirror or drum camera in series with the spectro-

graph, or by mounting one or more photomultipliers behind slits in the focal plane

of the spectrograph and feeding their outputs to oscilloscopes. Since a spectro-

graph with a small aperture ratio is required to expose the photographic film, the

photomultiplier method is recommended when spatial resolution is important.

Both smear camera (58) and photo)multiplier techniques have been used to make

time-resolved line profile measurements (80). Microwave techniques such as inter-

ferometry, attenuation, and phase shift have been used to measure plasma

velocities (20) and to investigate electron densities (81). The microwave techniques

are limited by rather poor spatial resolution but are particularly well suited for

precursor measurements where spatial resolution is not important and where

electron densities are too low for quantitative spectroscopic studies. Several other

diagnostic tools such as piezoelectric crystals, magnetic probes, and magnetic

microphones have been used in electric and EM shock tube studies. These are

summarized in Table I..Mthough there have been a limited number of experi-

mental investigations of the thermodynamic states which are generated in electric

and EM shock tubes, these studies show that collision-dominated equilibrium

plasmas can be generated, and that in general the temperatures are higher than the

values predicted by the Rankine-Hugoniot equations. Typical data obtained with

EM shock tubes using the time resolved spectroscopic technique are summarized
in Table II.

TABLE II

Densities (cm -s)

Electron Electron At_)m First ion

Ref. Tube type¢ Test gas temp. (ev) de_tsity de_rsity de_tsity

(82} A Hydrogen 2.4 2.5 × 10 av

(58) A Helium 3.98 1.2 x 1017 6.7 × 10 la 8.2 × 1016

(27) B Argon 1.27 9.3 × 1016 6.5 × 10 a6 9.3 × 10 TM

(59) C Helium _ 4 _ 1017

(83) A Helium 4.3 5 x 1017

_f A = EM T-tube; B = conical tube; C = conical electrodeless.

The purpose of this paper has been to try to summarize the recent developments

in electric and EM shock tube research. These developments have had the effect of

providing a better understanding of the limitations of the original conical and

T-tube geometries and to suggest modifications which make more effective use of

the phenomena which are occurring. Accordingly, it is of interest to speculate on

what future trends might be expected. It is believed that work may develop in

two directions. One direction may be toward a compromise with the diaphragm

shock tube in order to develop a shock tube with a clean shock front for high-

temperature studies in chemical kinetics. The new AVCO tube is a device of this

nature (24). The other direction may be on the development of plasma accelerators



42 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

for the generation and acceleration of sufficiently long plasma samples for flow

studies. In such devices the emphasis would be on the preparation of a plasma

specimen followed by magnetic acceleration rather than depending on the action

of a shock front. Another line of development may follow Fowler's new segmented-

electrode electric shock tube, which takes advantage of the concept of an electron-

driven shock front. Axial magnetic fields along the expansion tube may he used to

reduce heat transfer to the walls (84).
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_2_ After considerable discussion @ a number of authors it is now

generally agreed that for plasmas having electron densities below a

critical value of ,,_ 1019 cm -3 the correction for the loweri_ W of the

ionization potential should, be determined from the Debye-Hftckel

lira iting law corrections to the internal energy. The mathematical form

of the correction is obtained automatically when the Saha equation is

derived by extremizincj the free energy.

IVumerous attempts at a direct measurement of the lowering of the

ionization potential have been made teqth widely differing results. A

common error is the failure to recognize the fundamental difference

betu_en the value determined from radiation measurements and that

which appears in the Saha equation. It has been pointed out earlier by

the author that an experimental check of the theoretical value to be used

in the Saha equation is di2_cnlt and can probably be made only by

comparing it with the value required to bring computed densities into

aqreement with experimental values measured by some method which is

indepeTwlent of the computed composition.

In this paper the afreement between a measured and computed ionic

transition probability is used as a crude criterion for selecting the

Debye-Hi_ckel polarization theory as the best basis for treating the

plasma corrections. Results of the work are (1) a computed composition

of the atmospheric pressure argon plasma, (2) corrected partition

functions, (3) absolute values of transition probabilities, and (4)

corrected thermodynamic properties of the plasma.

INTRODUC'FION

In order to determine the best possible vahms for spontaneous transition
probabilities from measured absolute spectral line intensities emitted from a
thermal arc plasma it was essential that the highest possible accuracy be attained
in the theoretical calculation of the plasma composition. Several studies have
treated the corrections which must be considered in computing the composition of

ED. -_ffOTE: Dr. 01sen is at the Northrop Space Laboratories, Northrop Corporation,

Hawthorne, California.
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a laboratory plasma: lowering of the ionization potential, cutoff of the partition

function, and the Debye polarization contribution to the total pressure.

After considerable discussion by several people studying the problem, it is now

generally accepted that for plasmas having electron densities below a critical value

of about 1019 cm -3, the correction for the lowering of the ionization potential

should be determined from the Debye-Hiickel limiting law corrections to the

internal energy. This correction leads automatically to a lowering of the ionization

potential when the Saha equation is derived by extremizing the free energy.

In evaluating the internal partition functions it is conventional (1, 2) to sum

over the unperturbed energy levels up to the effective ionization limit defined by

the lowered ionization potential. Griem (2) has estimated the errors resulting from

such a cutoff in the case of hydrogen and points out that it will rarely exceed one-

tenth of one per cent in normal laboratory plasmas. He states, therefore, that it

hardly seems justified to replace the straightforward cutoff by more involved
methods.

Whereas corrections for the ionization-potential lowering and partition-function

cutoff have generally been considered, the pressure corrections in the equations of

state are seldom considered in tile computation of plasma compositions. Duclos

and Cambel (3) have reviewed this problem in great detail and have shown that in

most laboratory plasmas the Debye-Hiickel limiting laws are generally applicable.

As pointed out by Griem (2), and found also to be the case in the work reported

here, this correction will never amount to more than a few per cent. Thus errors

due to uncertainties in the correction can generally be neglected.

Numerous attempts at a direct measure of the lowering of the ionization potential

have been made with widely differing results. A common error is the failure to

recognize the difference between the A Vn which is determined from radiation

measurements and the A V_ which appears in the Saha equation. This distinction

was first pointed out by Ecker and Wiezel (4), and later by Olsen (1). In the latter

paper it was also pointed out that an experimental cbeck of the theoretical value

for A Vs is difficult and can probably be made only by comparing it with the

value required to bring computed densities into agreement with experimental values

measured by some method which is independent of the computed composition. In

the present paper the agreement between a measured and computed ionic line

transition probability is used as a crude criterion for selecting the best method for

treating the plasma corrections. Results of this work are: (1) a computed com-

position of the atmospheric-pressure argon plasma; (2) corrected partition func-

tions; (3) absolute values for transition probabilities; and (4) corrected

thermodynamic properties of the plasma.

PLASMA COMPOSITION

Detailed calculations of the plasma composition involve reversible ionization
reactions of the form

[Ai] _ [A_+l]+[e]-e(V_-AVt) (1)

where [A _] represents the initial particle, [A,+ _] the next fohl ionized particle, aml

[el the electron liberated by the process which consumes a quantity of energy,

e(V,-AV_), where V, is the free particle ionization potential and AV, is the

lowering caused by the interaction of the neighboring plasma particles. There are z

such reactions, where i is an integer ranging from 1 to z. and z is the highest fold of

ionization existing in the plasma.
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Under the assumption of LTE, quasineutrality, and the applieabihty of Dalton's

law, the system of equations to be solved may be u_ritten as follows:

Pi+lPe = Fi(T ) = ui+l A(T) exp [--e(Vi-._Vi)/kT] (2)
P_ ut

where A(T)=2127rm/h213.'2(kT)SJ2=6.5180xlO-TTS/:, the u i are the internal

electron partition functions, and all pressures are in atmospheres. The z Saha

equations are combined with the quasineutrality condition (conservation of charge)

Pe = _ (i-1)P i (3)
t=1

and Dalton's Law (conservation of particles)

P = P1+P D

where

PI = _ iPi
i=l

and the added pressure term PD is due to the Debye-Hiickel polarization.

It is now generally accepted that the Debye-Hfiekel limiting law corrections

to the internal energy, free energy, and pressure may be determined as follows
(1, 2, 3, 4):

-kT -kTV -kT

ED = _' FD = 12_rD a' PD = 247rD 3 (5)

where V is the volume and D the Debye radius given by

D = 4,.-e niz

and the sum is over all particles of charge Z, including the electrons• In the process

of deriving the Saha equation by extremizing the free energy with respect to the

ionization process given by equation (1), a correction in the direction of lowering

the ionization potential enters in the amount of

• e

5Vi= _, i= 1,2 .... z (6)

This leads to a value that is, by about a factor of 4, smaller than the value given

by the UnsSld (5) relation which considers only the microfield of the nearest ion--
much in the same manner as an electric field lowers the work function at a surface.

Ecker and _Teizel (4) proceeded to add the Debye polarization term equation (6)

to the UnsSld relation giving what is now recognized as too large a correction for

an3- laboratory plasma.

Ecker and KrSll (6) have recently treated this problem in theoretical detail
confirming the conclusion of Duclos and Cambel that there is a critical electron

density below which only the polarization term is to be retained. The UnsSld

relation has been erroneously used almost consistently in the earlier published

works on plasma spectroscopy.

The partition functions appearing in equation (2) are given by

Iv

= g,., exp (7)
l
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where gt.l are the statistical weights and Ei. l are the unperturbed excitation

energies of the levels I of species i. Because of the nonconvergence of this sum at

temperatures above about 15,000°K in argon, it must be cut off at some upper

energy level Ei.zc which fulfills the condition E_.lc <=e(V_-AVO.

Griem (2) has considered in detail all of the above internally consistent corrections

for the Saha equation, the equations of state, and the partition functions, and has

shown that errors due to remaining uncertainties in the corrections are usually

below one per cent. With the above corrections given, the final set of equations to

be solved is given below:

z e37rl/2 I z -] 3/2

P= Pe[ (1-_- _ (j_-l)C])/]_=lJC]] -3(-_T_[Pe _ (j+I)jCj/ j_= jCjJ (8)

i

where Cj = ]_ (FJPe), the Fi are given by equation (2), and
2=1

'_k-T]"F47T]1/2 [ _ / _1 J71/2AV, = e2 Be (/+l)iCj jcj I (9)
1=1 ]=

Equation (8) must first be iteratively solved for Pe from which all of the species'

partial pressures can subsequently be determined according to

Pe/_JC_; P,+I = P1C, for i= 1,2 ..... z-I (i0)P1
/ j=l

where the subscript 1 is associated with the neutral atoms to be consistent with

standard spectroscopic notation. An iterative computation of these equations has

been programmed for the IBM 7090 to give particle number densities, partition

functions, lowering of ionization potentials, and the effective charge of the ions.

The numerical results are tabulated in Tables I and II.

TRANSITION PROBABILITIES

Detailed methods for obtaining transition probabilities from measured line

intensities using the 400-amp argon arc plasma at a total pressure of 1.1 atmos-

pheres have been thoroughly described in a recent paper (7). In that work a novel

method for determining transition probabilities from measured emission co-

efficients of a prominent pair of lines defined as reference lines (t6965 ArI and

_4806 ArII) was presented. This method has been advantageously employed here

to confirm the theoretical conclusions regarding methods to be applied in correcting

the computed plasma compositions.

The emission coefficient of a spectral line emitted in watt/(cm a - steradian) by a

particle of number density n i from a volume unit at temperature T°K is defined as

[ n'exp(-E_,,/lcT)] (11)St = A_ Ki u-_

where Ki=1.582 × 10-24(g_/A) /_, gm is the statistical weight of the upper energy

level E_ and A is the wavelength in cm. The portion of equation (11) in brackets is

defined as the normalized emission coefficient (S_) which can be calculated directly

from the plasma composition.

Figure 1 is a plot of the measured emission coefficients of the above reference

lines emitted by the 1.1-atmosphere argon plasma. This plot can be represented

by the following parametric equations:

x = log $1 = log A 1+ log S_
(12)

y = logS2 = iogA2+iogS2*
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If the transition probabilities are normalized to unity, a similar plot of the nor-
malized emission coefficients is obtained as shown in Figure 1 where the results of
two different methods for correcting the composition arc indicated. There are two
principal advantages in this type of plot. First of all, since the parameter on the
experimental curve is temperature (or plasma radius) the results of measurements
of both lines at common points throughout the entire plasma as well as measure-
ments made in different arcs at the same total pressure can be readily compared.
Secondly, as can be seen by the equations (12) and as indicated in Figure 1, the
numerical factors required to shift the theoretical curve to best fit the experimental
points are precisely the transition probabilities sought.

The experimental points plotted in Figure 1 represent averages of at least six
independent measurements. By independent, it is meant that intensities of the two
lines were measured at the same position in a given arc, but that each set of
measurements was made in a different arc in the sense that it had been re-struck

with replaced electrodes at the same current and pressure. Measurements in the
same arc were also made at three different positions along the arc axis; the points
at the top of the curve were measured near the cathode and those at the bottom

midway between the electrodes. The deviation of experimental points toward
lower values for the h6965 ArI line at the lower temperature has been explained (7)
by absorption of the cooler layers of gas through which one must look to observe
the core of the plasma.

The solid curve through the experimental points represents the best fit of the
normalized emission coefficients which correspond with the plasma composition
corrected according to the now accepted Debye-Hiickel theory for the lowering
of the ionization potential. Because of the similarity in shapes of the theoretical
curves, both can be fitted with practically the same degree of precision--to the
experimental points resulting in the following A-values in units of sec- 1.

A1 A2

Eckcr-Wcizel 0.67 × 107 9.20 × 107

Debye-Hiickel 0.57 × 107 7.86 × 107

A theoretical value of 7.88 x 107 see -1 has been computed from intermediate

coupling line strengths calculated by Garstang (8). The excellent agreement
between this value and the experimental value obtained from the plasma composi-
tion based on the theoretically accepted Debye-Hiickel polarization correction
represents the first experimental evidence in support of the theory. In all fairness,
these results should be looked upon only as indications at this time since the
accuracy of the theoretical A-value is not considered by Garstang to be better than
50 per cent, and we are trying to separate an effect which differs by 15 per cent.
The results do show, however, that the experimental precision is sufficient to
observe the difference between the two corrections provided a more precise
theoretical A-value can be obtained. The observed agreement between measured
and computed A-values, coupled with the state of the theory on plasma corrections,
was at the very least a guide in selecting the correct theory applied in determining

the composition of the plasma and its thermodynamic properties.

THERMODYNAMIC PROPERTIES

Using the computed particle densities, partition functions, and A V the following
have been computed: heat content, Gibbs free energy, entropy, and constant
pressure specific heat. The computations include the contributions from trans-
lation, ionization, internal excitation, mixing (in the case of the entropy and free
energy) and Debye-Hiickel polarization. The equations used in all computations
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are given below where M is the molecular weight in grams/mole, R is the gas

constant expressed in ergs/mole, k is Boltzmann's constant, and h is Planck's
constant. It should be noted that the partition functions and their derivatives with
respect to temperature were determined first on a per-particle basis and then
multiplied by the number of particles per gram to give the corresponding totals.
Since the derivatives should be evaluated at constant volume rather than constant

pressure this can introduce some error. However, as is sho_la in Figure 2, the
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contributions of internal excitations to the total heat content under the conditions

covered here are practically negligible. The error introduced by the incorrect
differentiation may, therefore, certainly be neglected.

Heat content

Htrans 5RT2M RT2 _ A-- '; Hint = -- Pi In Ui

MPj /=

Hlon= R _ __1MkP-----_, P1 e( V, - iA V); H D -
.i=2 "=

Gibbs free energy

RT [In Pt-_ 5 Pe
l

Gt .... = L In T+(Ke-Ka) -_+Ka]

where K e = --23-In (2rrmekS/3/h2) and K a = -._ In (2rrmakS/a/h 2)

-MP----_I P_ In u_ + Pe In u_ ; G/on = H/on
S=l

MP, P� In (P//P1) + Pe in (Pe/P_) ; GD = 3HD
i=1

Entropy

Strans

5 R Gt ....

2M T

Slnt R [ _ pi(ln u/+ T d ) ]- MPI i=1 _-_lnu/ +P_lnu_

Smix -- Gmlx. HD
T ' SD = 4T

Specific heat at constant pressure

Ctrans 5R RT{_ [A d2 ]}= _; Clnt- MPx /=,Pi 2 lnui+T_-_lnu/

Clon dHl°n dHD
- dT; CD=_

The totals of each of the thermodynamic properties computed for the atmospheric
pressure argon plasma are given in Table III, along with the mass density p in
grams/em a, molar volume V in cm a, the molecular weight M in grams/mole, and
the ideal gas pressure PI and Debye-Hiickel pressure corrections PD in atmospheres
for temperatures in the range of 4000 to 50,000°K. All energies are referred to as
zero at the absolute temperature zero.
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4. J. H. de Leeuw: Electrostatic
Plasma Probes

k_¢ A brief review is given of the use of electrostatic probes for the

measurement of plasma properties. A central problem is the t_oretical

interpretxaion of the measured probe characteristic. The available

treatments for a variety of plasma conditions are discussed. In addition,

the sources of error and the _raetical form and arrangement of probes
are considered.

1. INTRODUCTION

The use of electrostatic probes constitutes possibly one of the earliest techniques
for the stud)- of plasmas. Essentially, the method is based on the interpretation of
the current collected by a small probe in the plasma as a function of the voltage
applied to the probe. Basically, then, the use of such probes is attractive because it
requires only relatively simple equipment. On the other hand, there are problems
in their use. Many secondary phenomena often introduce errors in the measurements

and problems also arise as a result of the absence of available theory for probe
operation--theory valid to cover all conditions that may be encountered in

practice.
Although electrostatic probes were already used late in the last century,

there did not exist any adequate theory until the classical work by Langmuir
(1), who laid the basis for the theory of probe operation for electropositive
stationary plasmas when the collection of charged particles takes place under
essentially collision-free conditions. In low-pressure gas discharges probes can be
made small enough to satisfy these conditions and the "Langmuir" probe was
used extensively in the investigation of such discharges with a considerable
measure of success. Loeb (2) has given a comprehensive review of all aspects
of probe use in 1955. However, the problem of the interpretation of probe read-
ings is still the subject of investigation and it is not completely solved for the
entire range of plasma conditions at the present time. This is hardly surprising
in view of the fact that the behavior of the probe depends on a considerable
number of parameters.

(a) In the first place, when the probe is at a potential different from
that of the local plasma, when it is negative with respect to it, for instance,
electrons will be repelled and positive ions will be attracted to it. This
creates a region near the probe, a sheath, in which there exists a net charge
density in contrast to the body of the plasma in which neutrality prevails.

ED. ZCOTE: Professor de Leeuw is with the Institute of Aerophysics, University of
Toronto, Toronto, Canada. This work was supported in part by the
U.S. Air Force Office of Scientific Research, under Grant AF-AFOSR
366-63.
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The thickness of the sheath depends on the Debye length which for the
electrons is given by

1w = 70./T-2_ (m) (1.1)
_n e

where Te = electron temperature
ne = electron number density

This sheath has the effect of shielding the plasma from the disturbing probe
potential; it is therefore to be expected that the ratio of Debye length to the
probe radius, rp, will be of significance.

(b) Secondly, the motion of the charged particles in the field near the probe
will be modified by collisions. The probe's current-voltage curve will therefore
depend on the electron and ion mean free paths relative to the probe size.

(c) A third parameter will be the ratio of electron and ion temperatures.
Since the energy exchange between the light electrons and much heavier ions
is relatively poor, it often happens that these two species can have appreciably
different temperatures. In low-pressure gas discharges, where the energy is
primarily fed to the electrons, it is, for instance, usual to find electron energy
orders of magnitude larger than those of the ions. Conversely, it is possible to
have larger ion energies when the energy loss is primarily from the electrons
as in extremely high temperature plasmas.

(d) A fourth parameter, of special interest at our laboratory where plasma
flows are studied, is the effect of plasma mass motion relative to the probe as
it can be indicated by a Mach number or the speed ratio of directed velocity
relative to a mean random speed of the ions.

(e) Further complications arise when electronegative ions are present in
considerable number. This occurs in discharges when electron-attaching
species are present. Such ions are also present in the ionosphere.

(f) Finally, the presence of magnetic fields will influence the motion and
hence the collection of charged particles. The electrons are especially sensitive
because at relatively weak magnetic fields these will have gyromagnetic radii
comparable to the probe and sheath sizes.

In this paper the characteristics of probes in stationary plasmas will be discussed.
The cylindrical probe is of special interest, since it is reasonable to expect that
under collision-free conditions, when the probe axis is parallel to the flow direction,
such a probe will measure the plasma properties even in a moving plasma. In
addition, some aspects of the influence of flow velocity on probe behavior for other
shapes or orientations will be discussed.

2. INTERPRETATION OF SINGLE-PROBE CHARACTERISTIC

The single probe is used with a circuit as indicated in Figure l. The voltage on
the probe is varied with respect to one of the electrodes of the arc or discharge and
the current to the probe is measured. The probe itself can be plane, cylindrical, or
spherical in shape. A typical probe characteristic is shown in Figure 2a. The
potential at which the current is zero is called the floating potential, VF. At this
potential most of the electrons are repelled by the probe to provide a balance of
electron and ion currents, and at more negative potentials practically all electrons
are prevented from reaching the probe and only positive ions are collected. The
probe is surrounded by an ion sheath and the dependence of current on vo!t_:ge i,_a
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FIGURE 1. Probes and basic circuit.

rather weak one. For increasing potentials more and more of the electrons will

reach the probe, resulting in a rapidly increasing electron current. When the probe

is at the plasma potential, V_, the probe collects both ions and electrons from the

plasma without the aid of electric fields. This means that as a result of the gre_ter

random speed of the electrons, the probe is drawing a negative current, much

larger than the magnitude of the ion current at negative potentials. For potentials

positive with respect to V®, the ions are repelled and an electron sheath controls

the magnitude of the "saturation" electron current.

electrontl /
current _/_ _- electron-sheathed

retarding field I °perati°l[ n

on
-_ _ - -_+

robeoe
fl : Cmtr;:_: mi:rt f:c e cu°nent

by ion bombardment

FIGURE 2a. Probe characteristics.
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The interpretation of the probe characteristic will be discussed first. We will
assume that collision-free conditions exist, so that the ion and electron mean free

paths are to be larger than the probe and sheath size, and that secondary phenomena
are absent.

2.1. ELECTRON COLLECTION AT RETARDING POTENTIALS

When the probe is slightly negative with respect to the plasma potential some,
but not all, electrons will be prevented from reaching the probe, because those
electrons having sufficient energy in the direction towards the probe, i.e.,

½m,c_, > e[V_- V®[ (_.1.1)
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will be able to reach the probe if the potential distribution is assumed to be

monotonic. The total electron current will therefore be an integral over the
distribution function,

= -_ = en® c,tfdc (2.1.2)
1

where 1_ =electron current density,
3r e= total electron current,

A =probe area,

n_ =undisturbed electron number density,
f = distribution function

If the electron collision frequency is high it may be expected that the electron
distribution function is Maxwellian and equation (2.1.2) may be written

/ kTe [ e(V,-- V®)]
I/el -- e-®42-g_ _ exp t- kTe J (2.1.3)

which is true independent of probe shape, as shown by Langmuir and Mott-Smith
(3).

Taking the logarithm of equation (2.1.3) this becomes

Assuming that V® is a constant and differentiating with respect to Vp leads to

a lIet _ 11,700
dV----7= -kT-'--.= T, (2.1.5)

so that a linear dependence ofln lie[ on voltage indicates a Maxwellian distribution
and the slope of this straight line yields the electron temperature.

The electron current is obtained from the probe current by noting that

I ,1 = (2.1.6)

In order to obtain 3- e the ion current has to be known. The ion current depends in
general on voltage and some extrapolation from the measured ion current at large
negative potentials is therefore in order. However, when 2D/rr is small this varia-
tion is not too severe and furthermore in the characteristic of a single probe the
electron current becomes much larger than the ion current as the plasma potential
is approached, so that the extrapolation error in 3"+ will not be important.

A completely analogous situation exists for the ion collection at slightly positive
potentials. Unfortunately, in the normal use of a probe, the ion contribution to the
probe current near plasma potential is masked by that of the electrons. However,
when the Debye lengths in the plasma are relatively large, it is possible to separate
the two current components by the use of fine grids. Boyd (4) made attempts,
which were partly successful, to do this in the laboratory. More recently this
technique has been applied for the investigation of the ionosphere where the Debye
length is of the order of a few centimeters. The use of such multi-electrode probes
will be discussed in section 5.

When the distribution function is not Maxwellian, but still isotropic, the probe
characteristic in the retarding field region can be used to find the shape of the
distribution function. A method to do this is given in reference (3) by relating
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the second derivative of the probe current with respect to voltage to the distribution
function in the form

d2i3-el Aen_ J edV--T = _ 2me(Vj- V_o) f(Yp- V_) (2.1.7)

Sloane and McGregor (5) following a suggestion by Emeleus indicated an experi-
mental method, later improved by Boyd and Twiddy (6), to obtain the second
derivative directly. They measure the d-c collected current without and with a

small superimposed sinusoidal a-c signal of amplitude A V at various values of the
d-c voltage. They showed that the difference in d-c collected current is given by the
expression

(AV)2 d2Ie (2.1.8)
AId_¢ - 4 d V_

where (Vp-V_) is the voltage equivalent of the electron kinetic energy. This
method was also suggested as a means of finding the value of V_, the plasma
potential, in reference (5), by taking as the value of V_, that value of Vp for which
the amplitude of the a-c variation in the current disappears.

It should be pointed out that the theoretical basis for the use of superimposed
voltage fluctuations rests on the assumption of quasi-stationary conditions, so that
when the frequency of the fluctuations becomes comparable to the electron plasma
frequency the method loses its validity.

As a matter of fact, the resonance that occurs at plasma frequency is a useful
indicator of electron density as Takayama, Ikegami, and Miazaki (7) have pointed
out and as shown in careful experiments by Cairns (8). However, as long as the

applied frequency is much lower than the plasma frequency the above method is
indeed valid and independent of frequency.

2.2 SPACE POTENTIAL AND OPERATION AT POSITIVE
POTENTIALS

When the probe potential is at the local plasma potential, there are no electric
fields around the probe and it will accept the random fluxes of electrons and ions

normally incident on it, i.e., per unit area n_/-kT_/2_rme electrons and

n_ V'-kT+/2rrm + ions will be collected. It is clear that the electron current will far

outweigh the ion current because their ratio is _/m+T_/meT+. Consequently,
unless T + >> T e the current collected at space potential is in good approximation
entirely due to the electrons, so that the current at plasma potential gives
information about the charged particle density since

3-_o = 0.4n_e,/k_-- T_ (2.2.1)
-A- %, _tne

and the value of Te can be determined from the retarding field region.

As soon as Vp becomes larger than V_, ions are repelled and an electron sheath
forms which will control the collection of electrons. It is normally assumed that

when T+/Te<I the electrons reach the sheath edge at their normal random

current density so that

• ,,_ ,_77-_-ti,e %, _72,e
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where A s is the effective collection area at the sheath edge. Since the sheath
thickness will grow with increasing voltage, for instance, for a thin sheath which
may be approximated by a plane sheath, the thickness is given by

de = [(V'- V®)3/2] 1'2
ig't s

the electron current will depend on voltage through the dependence of As on the
sheath thickness. This dependence is a much weaker one, though, than the
exponential dependence in the retarding field region. This simple picture of electron
collection is not quite correct, as will be discussed in section 2.4. However, the
procedure for finding the electron current at space potential described in the
following rests on an extrapolation from the electron current, curve to the value at

plasma potential and the description here is adequate for the purpose.
The change in dependence of Ie on V, shows on the logarithmic plot of current

versus voltage as a change from a steep straight line to a much less steep curve at

Vp > V_. For thin sheaths under ideal conditions this change is abrupt and there is
little difficulty in fixing the value of V_. In reality the curve often changes rather
more smoothly as a result of secondary effects to be discussed in section 4 and it is
customary to locate plasma potential at the intersection of the straight line in the
retarding field region and a reasonable straight line through the data for Vn> V_.

_hen the sheath is not very thin with respect to the probe, say for Debye
lengths )tD_ _ rp, the curve shows a pronounced rounding even under ideal condi-
tions and the plasma potential should be taken at the point where the measured
curve starts to deviate from the straight line representing the exponential increase
of the electron current. However, since secondary effects may be present there
is an inherent uncertainty in the value of V,, with a corresponding uncertainty in
the electron density determination when equation (2.2.1) is used. It is partly for
this reason that the accuracy of the probe method is bruited in many cases.

2.3. ION COLLECTION AT LARGE NEGATIVE POTENTIALS

When the probe is strongly negative with respect to the plasma potential
virtually all electrons will be repelled. This will be the case when e] V_,- V_ I >>kTe
and as a result the electrons will take on an equilibrium Boltzmann distribution
when the distribution fimction far from the probe is MaxweUian, i.e.,

[ e[ V_--
(2.3.1)n_ = n_ exp /

kT_ JI

For the case of very low charged particle density, such that the Debye length is
very much larger than the probe radius, the collection of ions will be controlled by
the essentially unshielded Coulomb potential of the probe. In reference (3) the ion
collection for a spherical probe under these conditions is given by the relation

J-+ = 4n_/kT+ /[1 Vn-V_°_ (2.3.2)
" _2_,a+ \ Vo /

in which V0= kT+/e the voltage equivalent of the ion energy when the ions are
Maxwellian and A = probe area. Similarly, a cylindrical probe would collect

Vp_,_.V_ 112
3-+ ,¢ _---::7____/- .1,,:_-m+ _-, Vo ] (2.3.3)
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It must be noted that the collection depends only on the probe voltage and not on

the ratio )_D/rp. These equations are valid only when the Debye length is so large

that everywhere in the field around the probe the following inequality is satisfied

Vp- V_ > (2.3.4)

A test could be made by using different sized probes to experimentally show the

independence of the results on

_D

rp

When the inequality, equation (2.3.4), is not fulfilled the analysis of the problem

of ion collection is very complicated and only approximate solutions are available.

Bohm, Burhop, and Massey (9) treated the problem of a spherical probe by using

equation (2.3.1) for the electron density and assuming that the field around the

probe could be represented by an extremely thin sheath surrounded by quasi-

neutral plasma. In addition, the assumption was made that the ions at infinity had

random motion but were all mono-energetic. Their results showed that the electric

field in the quasi-neutral plasma region attained an infinite slope as a function of

position and they located the sheath edge at the position where this occurred. For

zero energy ions this procedure resulted in a potential at the sheath edge of

IV e- V+I =½ kTe/e which showed that the plasma region cannot support more

than this potential difference, o :hm (10) derived a criterion for the formation of a

sheath indicating that the potential should be larger or equal to this value. So for

the zero energy case these two criteria lead to the conclusion that at the sheath

edge this value of the potential must exist, meaning that the plasma beyond the

sheath is significantly disturbed. In the first place the charged particle density will

be smaller than at infinity as a result of the Boltzmannian distribution of

electrons and secondly the ions will have been accelerated towards the probe so

that they enter the sheath with a finite energy corresponding to ½kTe.

The calculations for two different ion energies gave the following results:

/kT \112

ion energy 0.01]cT e 37"+=0.57n_ei'_ ) A

/lcT \1/2

ion energy 0.5/cT e J+=O.54n_e_'_-ff) A

(2.3.5)

(2.3.6)

The implication of these calculations is that for the case of thin sheaths the ion

current is controlled by the electron temperature alone as long as T+/T e < 1.

Allen, Boyd, and Reynolds (11) refined the analysis for zero energy ions by

removing the assumption of a quasi-neutral plasma region. Their results, repro-

duced in Figure 3, show that at values for 3- +/3- D of about 104, where J-D repre-

sents essentially the random ion current passing through a Debye sphere, the

plasma solution of reference (10) is indeed a good one. For smaller values of this

ratio, i.e., larger ratios of _D/rp, the approximation becomes increasingly less valid

and their full ana]ysis has to be used. Their solution for the thin sheath case for

zero energy ions is given by

J'+ = 0.61n_e /kT_ A (2.3.7)
"_ m+

and is in good agreement with equation (2.3.5) and applicable for J-+/_'-D_> 104

or _D/rp _ 0.01.
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FIGLT[tE 3. The electrostatic field near a spherical Langmuir probe.

For ratios of ,_D/rp between _ to _ they present ion collection curves for zero
energy ions, which are reproduced in Figure 4.

More recently, Bernstein and Rabinowitz (12) have treated the cases of spherical
and cylindrical probes, solving the serf-consistent field problem for mono-energetic
ions. Their results were obtained for a range of values of AD/r_ down to about 1-x_.
The results of their calculations for a spherical probe are reproduced in Figure 5
in which non-dimensional current is plotted versus e IVp-lr= l/kTe for the case of
_D =0.1r_. The graph indicates that an increase in ion energy decreases the current
by a small amount, which is however larger than the extremely small differences
found by Bohm et al. in reference (10). For instance, an increase of T+/T e from
0.01 to 0.1 causes a 10°_o decrease in ion current. From the trend of the curves in
reference (12) it is further apparent that for smaller Debye lengths this difference
decreases in accordance with the findings of Bohm et al. which are true in the
limiting case of an extremely small Debye length.
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Since the ion collection is found to depend on T +/T e over an important range of

_D/rp, it may be expected that the assumption of mono-energetic ions is not quite

adequate to describe the ion collection because their energy distribution is Max-

wellian in practice. Hall (13) has indicated a computational scheme to treat such

cases and Laframboise (14) of our own laboratory has independently calculated

entire probe characteristics based on Maxwellian distributions for both electrons
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and ions at different temperatures. Some of his results will be discussed in section
2.4.

The importance of the ion collection part of the probe characteristic lies in the
facts that relatively little current is drawn from the plasma in contradistinction to
the situation near plasma potential and that in the presence of moderate magnetic
fields the ion collection will be little influenced. The practical implications of the
foregoing discussion may be summarized as follows:

(a) For very large values of )_D/rp, equations (2.3.2) and (2.3.3) can be used

to give the quantity n_v/T_+/m+, which when the ion temperature is known
yields n_. The results are independent of ,_D/rp but a test may have to be made
for this by using two different probe sizes.

(b) When AD/rv<<l, as indicated for instance by an ion current practically
independent of probe potential, equation (2.3.7) can be used, which means
that the charged particle density can be found when Te is measured according
to the method described in section 2.1.

(c) When the Debye length is in the range from 12to _6 of the probe radius
the ion collection depends both on T+/Te and AD/rp. Awaiting the availability
of calculations for the case of Maxwellian ion distribution functions, the curves

of Bernstein and Rabinowitz should be used. However, it will be necessary to
have additional information. For instance, if the electron temperature and
number density can be determined from other parts of the probe characteristic
or from independent measuring techniques, then the Debye length is known
and the ion collection may give an indication of ion temperature.

An alternative approach is to ignore the small differences in ion collection
as a function of T + / T_ and consider the curves for zero ion energy of Allen et al.
in reference (ll) as a first approximation. Their curves are given in terms of

6r +/_--D, where

_--D _-- e0 (kTe)312

e _/_m+ (2.3.8)

which only depends on T_. The electron temperature can be obtained from
the probe characteristic and a curve of J_+/-]-D versus 71= e( Vv - Vo_)/IcT_ can
be plotted. Such an experimental curve should coincide with a calculated
curve for some value of AD/rp so that ADcan be determined and consequently
the charged particle density can be found.

This procedure will undoubtedly introduce some error, but the method of
determining the electron density at plasma potential suffers also from some
uncertainty. Furthermore, the measured probe current at negative potentials
can include the effects of secondary electron emission due to the incidence of
photons and metastable atoms so that the actual ion euLrrent can possess a
certain uncertainty.

At space potential the ratio of electron and ion currents is given by

However, the ratio of electron current at space potential to the ion saturation
current for cases where the latter is well defined, i.e., when rp>>AD, is considerably
smaller,

Y3-_0 = 0.4 m+ = 0.66 m+
6r+ 0.61 _ me
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For argon with _¢/m+/m_=271, this ratio becomes fl-_0/_- + =178, which is con-
siderably smaller than the ratio at space potential, especially if T_>>T+. Since
under the condition rp>>AD the ion current does not change much with T+/T_, at
least up to T+/T_=0.5 according to equations (2.3.5) and (2.3.6), the value of
_-_o/_-+ should also be independent of T+/T_ over this range. Ill exi)erime,,Ls



DE LEEU_V: Electra_tatic Plasma Probes 77

with single probes, this ratio should be checked as an indication of the self-

consistency of the measured probe characteristic.

2.4. EFFECTS OF LARGE ION TEMPERATURES

It was indicated in the previous section that the ion current depends only slightly

on T+/Te as long as this ratio is smaller than 0.5. French (15) pointed out that,

since the trajectories of electrons at positive potentials are kinematically similar to

those of ions at negative potentials when the temperature ratio is reversed, the

collection of electrons at positive potentials will become controlled by the ion

temperature when T + / T e > 2, leading by analogy to the expressions

= _ = 0.61en_ (2.4.1)

f+ = 0.4en_J_ +
I+ = _ "_ _1_+

and

(2.4.2)

for the case of small sheath thicknesses. Laframboise (14) has undertaken calcula-

tions to shed some light on the details of the transitions that occur when T +/T e

becomes larger than unity. For this purpose he has calculated the entire probe

characteristic for a spherical probe for Maxwellian ions and electrons at arbitrary

temperatures but he assumed that the plasma is bounded by a spherical surface at

a finite distance. Some preliminary results of his as yet unpublished work are

shown in Figures 6, 7, and 8.

The potential distributions near the probe are shown in Figure 6 as a function of

non-dimensional distance from the probe for different values of the probe potential

v=eV/kTe. The case was for an electron Debye length of _ probe radius and a

value of T+/T_ = 0.1. The difference in electron sheath and ion sheath formation is

marked. The ion sheath only partly shields the probe and the penetration of the

field beyond the sheath which is responsible for the increased ion collection is very

pronounced. On the other hand the electron sheath shields the probe almost, entirely

because only a small remnant of the'field is°seen to penetrate to a considerable

distance from the probe. This is explicated in Figure 7, which shows the electron and

ion density distributions for the positive probe. It is seen there that at the sheath

edge where electron and ion densities depart, the electron density is noticeably lower

than that far away. This implies that also in the case of a positive probe the

plasma supports a potential difference, but this is basically of the order of the

energy of the repelled particles and therefore small compared to the electron energy.
One may visualize this as arising from the local decrease in electron density as a

result of the removal of electrons by the probe.

The non-dimensional electron and ion currents are shown separately in Figure 8

for values of T +/Te = 1.0 and T+/T¢ = 0.1. The electron current is non-dimensional-

ized by its value at plasma potential but the ion current for both temperatures is

normalized in terms of the value at plasma potential for the case T+/T¢= 1.0. It

may be noted that the differences in ion current as a result of the different ion

temperatures are only pronounced near plasma potential. Since the probe current
there is almost equal to the electron current these differences in ion collection will

be effectively masked in a probe characteristic.

However, when T +/T_ > 1 similar large changes will occur in the electron current

at potentials a httle above Iz_ and these will show up in the probe characteristic to

give some indication of the value of T+/T_. Situations with T+/T_ > 1 can occur in
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decaying discharges, when the electrons experience a larger cooling effect than the
ions as a result of the preferential loss of high-energy electrons in the antipolar
diffusion process as noted by Biondi (16). Similar situations will occur in extremely
hot plasmas when the electrons are mainly responsible for the radiation cooling•
In such plasmas, however, magnetic fields will be present and these will modify the
electron collection so that the above analysis will not be valid.
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Another observation that may be made is that when T+/Te< 1 the electron

current stems basically from the incidence of the normal kinetic flux,

on the effective sheath boundary. Conversely, when T + / Te > 1 it is to be expected

that the ion current will be determined by the analogous process.

2.5. PRESENCE OF ELECTRONEGATIVE IONS

Boyd and Thompson (17) have considered the theory of ion collection when

electronegative ions are present. They assumed that the positive ions were at rest

at infinity and that the sheath was so thin that the field could be split in a quasi-

neutral plasma and a sheath similar to the analysis by Bohm et al. (9). They found

that for ratios of electron-to-negative ion temperature T_/T_ > 30 and concen-

tration ratios (n_/n_)o_ < 2, the positive ion current in terms of the electron current

at plasma potential is unaffected by the presence of electronegative ions, i.e.,

= o.66 (2.5.1)

so that the electron concentration can be found from this relation when the electron

temperature is known, whereas no information about the negative ions is obtained.

14

A/
10 ,.

8
v

4_

2

o

-2

-20 -10 0 10 20

Curve A - Probe Perpendicular to B
Curve B - Probe Parallel to B

FIGURE 9. Effect of magnetic field orientation.
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For a strongly electronegative gas, i.e., _-/ne>>l, for which T÷=T, it is

found that the potential at the sheath edge is very close to the plasma potential

in terms of the electron energy. This fact is used in the analysis to consider that the

positive ions will arrive at the sheath edge by their random kinetic motion based

on the ion temperature T+. The problem therefore reduces to a proper choice of

the effective sheath radius and a semi-graphical process for this choice is described

in reference (17). Essentially, the quantity n+ _/T++, and therefore n_ _/T_, can
be determined from this procedure so that additional information about the

ion temperature is required before n+ can be determined.

2.6. INFLUENCE OF MAGNETIC FIELDS

The presence of a magnetic field modifies the motion of the charged particles in

the electric field of the probe. Since the trajectories of the electrons are disturbed

at weaker magnetic fields than the ions are, the effects of magnetic fields will first

be noticed in the electron current to the probe. An experimental curve in Figure 9,

reproduced from reference (9), shows the effect of the orientation of a plane probe

with respect to the direction of a magnetic field of 1.5 weber/m 2 in a nitrogen

plasma. It is seen that the ion collection is uninfluenced and also that the shapes of

the curves at potentials somewhat below plasma potential are similar, so that this

region most likely will yield reasonable electron temperatures. It is also clear that

for both probe orientations the electron-to-ion current ratio is much lower than that

for the case of B=O. It is also pointed out in reference (9) that as long as the

gyromagnetic radius of the ions is larger than the probe and sheath size, the ion

collection is but slightly influenced so that for this part of the characteristic the

considerations of section 2.3 apply.

For very strong magnetic fields the entire probe characteristic is influenced and

reference must be made to an appropriate theory. Very recently Bertotti (18) has

presented such an analysis. The theory is quite complicated and the reader has to

be referred to the paper itseff for any application.

2.7. PROBE OPERATION AT HIGH DENSITY

,_l the foregoing discussion of single probe operation was valid for probes at

low density, such that the ion and electron mean free paths are larger than the

probe and sheath size. At higher densities these conditions will no longer be satis-

fied and the current to the probe will be modified as a result, because the motion of

the charged particles in the electric field will be disturbed by collisions.

When the ratio of charged to neutral particles in a partially-ionized gas is very

small these collisions will primarily involve neutral particles and in the case of

ion-neutral encounters momentum exchange as well as charge exchange events will

have to be taken into account. The cross sections for these encounters are not

accurately known at low ion energies for many gases and there is therefore some

uncertainty in determining the mean free paths. In highly-ionized gases the collisions

will primarily occur between ions and electrons.

Theories for probe operation at densities where collisions are important are

given, among others, by Zakharova, Kagan, Mustafin and Perel (19), who present

a theory for the behavior of spherical and cylindrical probes when the density is so

high that the supply of charged particles is mobility- and diffusion-controlled.

For the ion collection at large negative potentials they assumed that the field

can be split in a quasi-neutral plasma region and a b-eU-defined sheath. In addition

they assumed that at such potentials the effect of concentration gradients is
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unimportant and that the ion drift velocity is proportional to the electric field.
Only collisions with neutral particles were considered.

The ion currents are presented as follows:

spherical probe I+ Y+ xon_Te L+ 10 -11 /amp_ (2.7.1)
= _ = 2 rv _/-_-+T+ \--_-_]

Y.____L+= n_ TeL + 10-11 (2.7.2)
cylindrical probe 1+ = A 2% In (1/xorp) _/M-+ T +

M+ is the ion atomic weight, L+ is the ion mean free path, and x 0 is the value of
r/rp where the quasi-neutral plasma solution indicates an infinite slope for the
electric field. The values of x0 are found from the following:

nooe/ kT +

spherical probe 1 = b = 0.85 L+ T_ _/2_m+ (2.7.3)
Xo rp T+ I+

cylindrical probe In (rp-_-0) = b (2.7.4)

where l = length of the cylindrical probe.
The equations essentially constitute implicit expressions for I+ when n_, Te, T+,

and L+ arc known. However, when the Debye length is very much smaller than
rp, so that the sheath is thin, then xo may be taken as unity and only equations
(2.7.3) and (2.7.4) need be used. It is, however, clear that estimates of L+ and Te
are required for the determination of n_.

At plasma potential the motion of the charged particles is controlled by diffusion
as a result of concentration gradients. The electron currents are found to be

_12rrme
(2.7.5)

spherical probe (Ie)0 = 3 rv

nme _ Te

_/2--_-mme (2.7.6)

cylindrical probe (I_)0 = 3 rv (1)
l+_._-_ln.._v

The electron current in the retarding field region is given in approximation by

Ie = _/2--_ " 3 rv ,x_ 1 (2.7.7)
l+i_jl _ exp {-_,+_(_1} d

where vp=e(Vp- V_)/IcT_
x = r/rp

y = 1 for cylindrical geometry
= 2 for spherical geometry

x_ = _ for spherical probe
= 1/rv for cylindrical probe

In the derivation of this expression both mobility and diffusion were considered
and free motion was assumed over the last mean free path near the probe. Equation
(2.7.7) shows clearly that the simple exponential nature of the elec_t'o_t current
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versus voltage curve is disturbed..Mso it can be sho_ that the deviations become

appreciable at lower values of _p as the mean free path for electrons becomes

smaller. The usual analysis of the retarding field region therefore has to be con-

fined to values of Vp where equation (2.7.7) is dominated by the exponential term.

This may still be the case for potentials slightly larger than V_ so that the electron

temperature can still be evaluated as long as the mean free path is not too small.

A more refined analysis of the problem which avoids the artifice of splitting the

field into a plasma region and a sheath region has more recently been presented by

Su and Lain (20). Their work is valid for small values of L/r r. Probe characteristics

at large negative potentials are presented in their work.

Both these analyses are based on a continuum treatment. For cases where the

mean free paths are of the same order of magnitude as the probe and sheath size

the conditions for a contimmm description arc not fulfilled. The work of Schulz

and Brown (21) is of special interest in this area, since their experimental com-

parison of ion current drawn by probes with microwave data covers the region

where collision-free conditions prevail as well as that in which colhsions just start.

to become of importance. In addition, they present simplified analyses to explain
their experimental results.

2.8. EFFECTS OF PLASM_A MASS MOTION

2.8.1. Collision-free Conditions

First the case _4ll be considered in which the mean free paths are large and the

Debye length is small compared with the probe. In most flow situations, even when

the directed velocity is much larger than the random speed of the ions, the electron

random speed will still be much larger than the flow velocity. Situations like this

occur in the flight of a satellite through the upper ionosphere and they can also be

realized in the laboratory, for instance in plasma tunnels.

As far as the probing of such flows is concerned, French (15) has pointed out that

a cylindrical probe aligned with the flow direction and long enough so that end

effects can be ignored will behave as ff it were in a stationary plasma. Hence, the

static plasma properties can be measured with such a probe using the methods

outhned in previous sections. Taylor, Rothman, and Morita (22) recently reported

experiments in an electromagnetic shock tube at velocities up to 8000 m/sec.

Measurements of the electron density made with cylindrical probes were com-

pared with microwave interferometer data and a reasonably good correspondence

independent of flow velocity was obtained.

For other probe orientations and geometries, the probe characteristic will be

influenced by the flow velocity. However, since the ratio of directed to random speed

of the electrons is much smaller than unity (in argon, for instance, when the

directed velocity to random ion speed ratio is as high as 20 this ratio for electrons

is only 0.07) it is to be expected that the electron temperature can still be obtained

from the retarding field region in the manner described in section 2.1. This was

experimentally verified by French (15) at an ion speed ratio of about 2 by com-

paring the results from a cylindrical probe parallel to the flow with those from the

same probe at a perpendicular orientation.

Theoretical calculations for the ion collection of a spherical body have been

made by Davis and Harris (23). They showed that the ion current corresponds

essentially to the flux of ions that cross the frontal area of the body as a result of

the flow velocity. A small increase in the effective area over the geometric area

accounts for the influence of the electric field around the body. Meckel (24) and
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Clayden (25) have basically used this result in their investigation of high speed

plasma flows in the laboratory. The ion current measurements yield the product,

n_ U, of number density and flow velocity.

More recently, Clayden (26) and Smetana (27) reported calculations based on

simplified models for the behavior of spherical probes in plasma flouts. Medicus (28)

also treated this case for a drifting Maxwellian distribution function ignoring the

non-spherical nature of the sheath that results from the non-isotropy of the undis-

turbed distribution function. Without further experimental evidence it is difficult

to assess the validity of the assumptions made by these authors. It is very

important to have reliable theories for spherical probes because in the probing of

complicated flow fields it may be impractical to use aligned cylindrical probes

since the flow direction will not be known in advance.

At a relatively low speed ratio of about 1.5 French (15) found that the ratio of

ion current for cylindrical probes perpendicular and parallel to the flow equalled

the ratio of ions striking the probe, calculated on the basis of kinetic theory

ignoring the influence of electric fields entirely. This result is explained by French

by noting that the electron temperature in his experiment appeared to be lower

than the ion temperature, so that ion collection would be controlled by the ion

kinetic flux. Since the Debye length in his experiment was very small compared to

the probe size this can account for the fact that the electric fields had no influence.

2.8.2. Effect of Electron-Ion Collisions

Plasma conditions can also occur in which the charged particle density is so

high that the ion-electron and ion-ion mean free paths are small compared to the

probe size, whereas the electron-neutral and ion-neutral mean free paths are still

large in terms of the probe size. When this is the case the electron collection by the

probe can be significantly altered by the flow even though the speed ratio of the

electrons is negligible. The results of an experiment under these conditions are

described by French (15). Plane probes were placed perpendicular and parallel to

the flow. The experimental arrangement is given in Figure 10, which shows the

plasma source and the nozzle to provide the supersonic plasma flow. The results

for the apparent electron number density for the two probe orientations is shown in

Figure 11, which indicates that the ratio is largest at the center of the plasma jet

where the velocity is highest.

The proposed explanation for this phenomenon is as follows. When the probe is

perpendicular to the flow and at positive potential, ions are reflected back into the

flow. These reflected ions collide with oncoming ions and form an ion shock wave

which increases the ion density just in front of the probe. Since at the conditions of

the experiment, n e,_ 1019/m 3, the sheath thickness is very small compared to the

probe and the electron density will follow the ion density increase in order to

maintain neutrality of the plasma. Consequently, the probe is drawing more elec-

trons than it does in the parallel orientation where this mechanism will be absent.

The current ratio is found to be less than the density ratio across a normal shock

wave based on a measured flow Mach number. This may possibly be explained by

the fact that the propagation speed for small disturbances in a plasma without

neutral particles is larger than that in a neutral gas at the same temperature as the

ion gas. This means that the effective Mach number should have been taken some-

what lower than the Mach number inferred from impact probe pressures, which are

essentially associated with the properties of the neutral gas. Again, much more

systematic experimentation is required to verify the proposed explanation

deuhLt, L v _.
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2.8.3. Continuum Description

At high gas densities when all mean free paths are smaller than the probe
dimension, the supply of charged particles to a probe u_ll be collision dominated

and a continuum description of the problem is in order. Some work has been done

on this problem under the assumption that the densities are still low enough to

ensure that recombination in the cooler gas near a probe does not occur. Talbot

(29) has analyzed the properties of the gas in the vicinity of the stagnation point of

a blunt body that is at floating potential. He suggested that a small probe buried at

the stagnation point can be used to sample the local electron density under zero

velocity conditions. Since the theory relates the electron density near the stagna-

tion point to that of the free stream, the latter can be determined. The use of

such probes was investigated by Brundin, Talbot, and Katz (30) in a plasma

tunnel by comparing the probe data with microwave interferometric electron

density measurements. The results were reasonably encouraging. Pollin (37) has

studied similar probes in a shock tube and in his theoretical work he took into

account the fact that net current must exist. Lain at Princeton has recently

reported that work is in progTess on the behavior of arbitrarily-shaped probes.

This research promises to give a comprehensive theory for the entire probe
characteristic.

3. THEORY OF THE DOUBLE PROBE

The use of the single probe is predicated on the availability of a convenient

reference electrode. In some applications these are not available (for example, in

the case of electrodeless discharges). For such situations the use of double probes

is indicated. The basic circuit for the use of such probes is pictured in Figure 12a.

()

FIGURE 12a. Double probe circuit.

Two probes are placed in the plasma at such a separation that there is no mutual

interference, and the current is measured as a function of the potential difference

applied between the two probes. A typical current-voltage curve is shown in

Figure 12b. Johnson and Malter (31) have given a detailed account of the use of

this ty]ae of probe arrangement. The characteristic curve can be understood in

4+
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FIGURE 12b. Double probe characteristics for equal probe sizes.

terms of the single probe characteristic. As a result of current continuity the positive
current to one probe must be equal in magnitude to the electron current to the
other. When, as is usual, the two probes are of the same size and therefore would
have the same single probe characteristic, it is clear that the maximum electron
current is no larger than the ion saturation current. Especially when the ion
collection curve is flat, this means that as the voltage difference is increased the
potential of the electron collecting probe remains fixed while the other becomes
more and more negative. In this case the current depends little on voltage. On the
other hand, for small voltage differences both probes will approach the floating
potential of the single probes and the net current will tend to zero. The variation
of current with voltage is primarily due to the changing electron current to the
probe that is above floating potential.

A simple analysis valid for collision free operation allows the electron tempera-
ture to be determined from the probe characteristic. Using the notation of Figure
12b, it is shown in reference (31) that for equal probe sizes and the same local
plasma conditions

[_I__1 l
In [ I, j = -_-_ VD (3.1)

where IrB is defined, as in Figure 12b, to be the value of the probe current at the

"break point" in the characteristic and Ie =ID--Ip and ID = current in the circuit.
It is pointed out that any uncertainty in the determination of Ip8 is not too

serious since Ip occurs in the expression for I, and a certain compensation of errors
takes place. Ip is the ion current to probe 2 at the value of VD and it will have to be
estimated from the ion saturation current at large values of V D. Johnson and
Malter describe a suitable extrapolation procedure for this purpose.

A simple formula for the calculation of T, from the probe characteristic when the

two probes are equal is based on the so-called equivalent resistance method. It
takes the form

"T_ = ½RoI_, (3.2)
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where Ro=dVv/dlv at VD=0, and again Ip is the value of the current at the

"break point" of the characteristic.

Since the value oflp is important in this simple evaluation, the electron tempera-

ture is expected to be accurate only when the break point is well defined, i.e.,

when the sheath thickness is small.

It is to be noted that only a small fraction of the electrons (those in the high-

energy taft of the distribution) contribute to the measured current with the above

methods since only electron current at potentials close to VF can be accepted, so

that the "temperature" that is measured is associated with the high-energy elec-

trons. If this is objectionable, when there is suspicion that the distribution is non-

Maxwellian, for instance, it is possible to obtain information over a larger range

of electron energies by making one of the two probes considerably larger than its

partner. Equation (3.1) will then only have to be slightly modified.

For the determination of ion densities, the ion saturation parts of the curves

can be used. Since at large voltage differences these are similar to the single probe

curves all considerations about the ion collection of the single probe apply here as
_'ell.

A hybrid double probe circuit is described by Garscadden and Palmer (32) who

use two probes in parallel and apply to each an almost equal potential with

respect to a reference electrode. However, the difference in current as a result of

the small difference in voltage is measured. It is shown that this method allows the

deduction of the shape of the distribution function similar to the methods in

section 2.1, but with greatly improved stability of the results in the presence of

fluctuations in the plasma properties.

4. PROBE ERRORS

There are many secondary phenomena that can become sources of error. Loeb (2)

has given an extensive account of these and only a brief summary will be presented
here.

4.1. PRESENCE OF THE PROBE

The insertion of the probe in the plasma may alter the plasma properties to be

measured. To minimize this source of error small probes are preferred. Nevertheless,

even small probes can draw electron currents that are appreciable in comparison

with the currents that maintain the plasma, as in low pressure discharges, for

instance. When this takes place it is necessarv to keep the voltage below an upper

limit that is just above the floating potential. It is one of the virtues of the double

probe that such limiting action occurs automatically. It is also possible in a very

hot plasma that the probe erodes and so produces contamination products that

seriously disturb the plasma.

On the other hand there are many situations where this first type of error is not

troublesome as can be ascertained by showing that one probe is not affected by the
presence of a second probe in its vicinity.

4.2. REFLECTION AND SECONDARY EMISSION

The interpretation of the probe characteristic rests on the assumption made in

the theories that all particles that reach the probe are collected and that no

additional charged particles are produced either at the probe wall or in the gas.

Reflection, instead of collection of a charged particle when it arrives at the wall, is
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a possibility. If the probe field is such as to attract the particle, a reflected particle

will eventually be recaptured because its energy after reflection will be less than

that originally. So there will be no direct effect on the current. However, the

presence of reflected particles in the vicinity of the probe will alter the field

distribution in the sheath and so exert a secondary influence. If the field is such as

to repel a particle that nevertheless reaches the probe, then reflection will mean

decreased current. Langmuir and Mott-Smith (3) showed that the shape of the

electron current in the retarding field region is unchanged when the reflection

coefficient depends only on energy and the distribution is Maxwellian. The only

effect is an overall shift of the curve and a discontinuity at plasma potential, since

at positive potentials reflected particles will be recaptured. Such discontinuities

are not noticed in probe characteristics so it is unlikely that reflection is a serious

problem.

The presence of secondary emission of electrons at large negative potential,

however, is serious since it leads to a spurious increase in the apparent ion current.

Such emission may be due to the incidence of photons and metastable atoms on the

probe surface and also due to the bombardment of the ions themselves. The use

of multi-grid probes makes it possible to suppress the secondary emission, but in the

case of normal probes estimates of the mentioned effects on the apparent ion

current have to be made. Careful outgassing of the probe can sometimes reduce the

magnitude of the effects.

4.3. THERMAL ELECTRON EMISSION

Thermal electron emission from hot probes can completely alter the character

of the probe characteristic. Hence in cases where the probe will become too hot

when left in the plasma, the probe will have to be cooled or moved quickly so that

it does not reach an objectionable temperature. This makes it necessary to

produce an entire characteristic in a short time so that the probe has not moved

too much.

Hot probes are sometimes used purposely to define the plasma potential, since

the current changes abruptly when the voltage of the probe swings through the

plasma potential.

4.4. EFFECTS OF CONTACT POTENTIALS

The measured value of the probe voltage will differ from the effective surface

potential by the contact potential. As long as the contact potential is uniform over

the probe surface and remains fixed in time the shape of the probe characteristic

is unchanged except for a shift along the voltage axis. This does not affect any of

the measurements except for an uncertainty in the value of the plasma potential.

However, Wehner and Medicus (33) have shown that changes in contact potential

can occur while the probe voltage is changed as a result of contamination of the

probe surface. Furthermore, these changes can occur reproducibly so that a real

distortion of the probe characteristic can result. Wehner and Medicus also showed

that careful cleaning of the probe, by electron or ion bombardment, to red heat

under vacuum can remove contamination from the probe and that changes in

contact potential during the production of a probe curve can be minimized by

doing it quickly.

Medicus (34) has also suggested that a variation of contact potential over the

probe surface will produce distortions in the probe curve essentially by an averag-

... _, ....... o_ _,_ _U_L_HU owr a voltage range. This will tend to round off abrupt
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changes in the characteristic such as the" break" in the electron current near plasma
potential.

A somewhat different difficulty is associated with the deposition of conductive

coatings on the insulators near the active probe surface. As a result, the effective

probe area may be significantly increased.

4.5. PRESENCE OF FLUCTUATIONS AND OSCILLATIONS

It is to be noted that when probe measurements are made by using a number of

steady voltages at which d-c currents are measured, quite important changes

occur in the probe characteristic in the presence of oscillations in the plasma.

When measurements are made where oscillations are expected, tests should be

made to find whether they are present or not. When fluctuations of relatively low

frequency are present it should be possible t_) study the fluctuation of the plasma

properties by using techniques to produce the probe characteristic within a time

short compared to a typical fluctuation period. In the case of real plasma oscillations

the frequency is likely to be too high for such a method to be applicable.

5. EXPERIMENTAL ARRANGEMENTS

A variety of probe shapes and circuits have been used. Only a few examples will

be given.

Single and double probes can be made in plane, cylindrical, or spherical forms as

indicated in Figure I. Cylindrical probes have been made as small as 0.02 mm in

diameter. Tungsten and molybdenum are favorite materials. Plane probes can be

almost as small. Spherical probes are normally somewhat bigger since the support

should be small compared to the sphere radius.

A circuit for obtaining a probe characteristic in about one millisecond is shown

in Figure 13. Higher speeds are possible; curves have been obtained in less than

10 microseconds. At such high rates of voltage change it is, however, extremely

important to keep the capacitance of the probe to a very small value because

otherwise spurious capacitive currents will be measured.

A plane multigrid probe for use in a satellite is described by Bourdean, Donley,

and Whipple (35). The basic structure is shown in Figure 14. Grid A is flush with

the satellite skin and electrically connected to it. Grid B is the control grid and C

represents the collector. The current to C is measured by a high sensitivity electro-

meter. When grid B is biased positively with respect to grid A all ions can be

repelled, so that only electrons can penetrate beyond B. By making the collector

slightly negative with respect to A, the electrons can reach C only when they have

enough kinetic energy at their arrival at A to overcome the potential difference

between A and C. By varying the bias on C the electron current will yield the

electron temperature in the same manner as described in section 2.1. It is also

possible to locate the plasma potential relative to the satellite potential by choosing
the value of collector bias where the electron current curve deviates from its

exponential form.

By biasing grid B negatively all electrons can be repelled and secondary emission

electrons from the collector can be suppressed. In this way the ion current can be

measured and it is possible by varying the collector potential to measure the

energy of the ions. Since the velocity of the satellite is accurately known this makes

it possible to determine the mass of the ions. Similar gridded spherical probes are
also used, as described by Boyd (36).
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Satellite Skin
Grid A
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Grid B.__ .....

i
FIGURE 14. Multi-electrode plane probe.

6. CONCLUDING REMARKS

The electrostatic probe is a very useful device in plasma diagnostics in spite of
the difficulties in interpretation and the many possible sources of error. Probes
can be used over an enormous dynamic range. In satellites probes have measured

electron densities as low as 101°/m a and in the laboratory densities of 102°/m a have
been determined. In addition, they are capable of making local measurements so
that even under unfavorable conditions they can indicate at least the shape of
spatial distributions. These advantages are strong incentives for the further
development of theories and for verifying experimental work applicable to those
conditions for which the probe response is at present not quantitatively kno_.

NOMENCLATURE

A Probe area

b Quantity defined in equation (2.7.3)
B Magnetic flux density
c Molecular velocity
d Sheath thickness

e Electron charge
f Velocity distribution function

I Current density
_- Total current
k Boltzmann constant

1 Length of cylindrical probe
L Mean free path
m Mass of Particle

M Atomic weight
n Number density of one kind of charged particle
r Radius

R 0 Equivalent resistance
T Temperature
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V

X0

E0

AD

Subscripts

e

F

P
8

+

0

Potential

Quantity defined in equation (2.7.3)
= 1 cylindrical geometry
= 2 spherical geometry
Permittivity of free space
Non-dimensional potential
Debye length

Electrons

Floating
Probe

At sheath edge
Positive ion

Negative ion
Condition at plasma potential
Undisturbed conditions far away from probe
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o Paul C. Wilber:

Experimental Investigation of
the Characteristics of a

Langmuir Probe in Ionized Low-
Density Flows

_¢ An experimental study of the performance of a charged circular

cylinder immersed in an essentially-uniform rarefted plasma stream is

described. Data are presented for wide ranges of speed ratio, electron

and neutral particle number densities, and electron temperature with

the collector axis oriented both parallel and, transverse to the flow.

Results are discussed with respect to a theory recently developed at the

University of Southern California Engineering Center which relates

the probe measurements to local charged particle density and tempera-

ture in the flowing plasma.

INTRODUCTION

Approximately two years ago a program was begun at the University of Southern
California Engineering Center to investigate the possibihty of making local measure-
ments of charged-particle number density in rarefied plasma streams. A theoretical
study was carried out by Dr. F. O. Smetana (1) in which he was able to calculate
the flux of charged particles to a cyhndrical collector immersed in the stream as a

flmction of its potential, relative to the plasma, for wide ranges of the flow para-
meters. His results provide a means of interpreting the measured characteristic
quantitatively in terms of the charge number density if the other parameters are
kno_m. Since the theoretical analysis was based on several assumptions which may
or may not hold in general, an experimental study was initiated to assess the
validity of the theory. This paper discusses what has been accomplished
experimentally to date.

REVIEW OF THEORY

Since the experimental work to be discussed has the checking of a theory as one
of its principal objectives, a brief outline of that theory and its results will be
presented first. Smetana s analwm is an extension of the work of Mott-Smith and

ED. _OTE: Mr. Wilber is with the Celestial Research Corporation, South Pasadena,
California. The research report_,_d in this paper was conducted at the Uni-
versity of Southern California Engineering Center and was sponsored by the
Aeronautical Systems Division, Wright-Patterson Air Force Base, under
Contract AF-33(657)-7760.
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Langmuir on probes in rarefied stationary plasmas (2, 3) to the case of mass mean

motion. The basis of the method is the calculation of particle flux to the probe by

summing the distribution function over all particle velocities such that the free-

space trajectory intersects the collecting surface. A Maxwell-Boltzmann distribution
is assumed.

For the analysis of the case of a moving plasma the following assumptions were

made:

1. The plasma is composed of three species: singly-ionized positive ions,

electrons, and neutral molecules.

2. Each species is in local thermodynamic equilibrium and the ions and neutrals

have the same temperature (which may, however, differ from that of the electrons).

3. The number densities of ions and electrons are equal; the number densities

are small compared with those of the neutrals.

4. Collisions between charged particles are neglected in comparison with

collisions between charged particles and neutrals.

5. The stream is moving with a uniform velocity, U0, perpendicular to the axis

of a right circular cylindrical collector.

6. The cylinder diameter is small compared with both the electron-neutral and

ion-neutral mean free path lengths.

7. The field of the cylinder does not perturb the plasma significantly beyond one

electron-neutral or ion-neutral path length. Thus the region of effective charge

collection is collisionless.

8. The nature of the field about the collector is not altered by the motion of the

stream (i.e., it remains a central force field as in the case of a stationary plasma).

Application of these assumptions resulted in the expression shown for the flux

of one of the charged species to the cylinder:

f f_ f_°n {2_rkT_- 3/2 re c2m_x (cl + Uo sin 0)
N= o\-W- ! V_ o_m,x _osln_ (1)

x e-(ml2k_)(c_+e_+_ ) dcl dc2 d%

where no = free stream number density of the species collected

rc = cylinder radius

r_ =radius at which the potential on the cylinder no longer effects

collection of charge

Q, c2, c3--components of the random thermal motion in the r, 0, and

z-directions respectively

C2m_x = the maximum value of c2 for the given value of c 1 for which the

particle will be collected

If we define

-m/3= 2ET (2)

s = Uofl (3)

eVe
= -_ (4)

Vo probe _+_*:-' (5)
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then substituting these, and substituting for C2ma_ in terms ofc 1 and S, and integra-
ting equation (1) twice yields

,/i= Lre ao

_¢v _- ?lO T r c u 0 sin 8

where

(cl + Uo sin O)e-B2C_[erf ( S c°s O+rc Z)re

-err (Scos O -rere Z)] de1

(6)

Z2=
[(f_c_+z sino)_+Vo]

Equation (6) cannot be integrated directly except for certain special cases. For

the case of S=0 it yields the well-known results of Langmuir. For the general

case numerical methods are necessary; they yield the desired results provided r e is

finite. The result can he conveniently expressed as

j_ = 2_rdt0 /_T F[,_- re) \_2=_, V,o,s,_ (v)

Since J_ is the flux of a single charged species to the cylinder; the net current to the

probe will have the form:

I = (J1-J2)Le (S)

where J2 = flux of the oppositely charged species

L = length of collector

e = electronic charge

If one puts

=
\m_TJ (9)

Te

7 = T--_. (10)

So = _ 0_2--_j = Speed ratio of the neutral species (11)

eVo

_o = kT e (12)

equation (8) can be rewritten

For fixed values of?, So, and re/r_, 1 is a fixed function of'_0. If, in addition, we are

given a fixed probe geometry and a constent ion temperature, the probe characteris-

tic equation, equation (13), has only the charge number density as parameter

and thus becomes a convenient measure of charge density.

This analysis hinges on two basic assumptions: (1) that the probe possesses a

central force field and (2) that there is a finite radius, re, for which the field of the

probe, in effect, terminates. The problem becomes how to insure the validity of these

assumptions. The first assumption can probably best be verified by experiment, but

a reasonable estimate of limits on the second can be obtained by solving a suitable
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FIGURE 1. Solutions of the one-dimensional Poisson equation for the cylinder with
S=O and I=O.

form of the Poisson equation. This has been done for the one-dimensional case with
S = 0 and no current drawn by the cylinder. The result is shown in Figure 1.

While the conditions assumed in obtaining a solvable form of the Poisson equa-
tion are not very realistic, it is evident from Figure 1 that considerable changes
can occur in the charge distribution near the cylinder without altering re appreci-
ably. Thus when re/r c > 10, the error induced in the flux calculation by the use of
the results in Figure 1 would seem to be negligible.

With the above in mind, theoretical probe characteristics have been prepared for
proposed probe geometries and conditions anticipated in the Engineering Center's
experimental facilities. The plasma was assumed to consist of electrons, nitrogen



w xL B E R : Langmuir Probe in. Low- Density Flows 101

-B -7 -6 -_ -4 --3 -2 --I

o I I I 1 I I l i-  lltlllll
I 2 3 4 5 6 7 $

CONFIGURATION

rc = 3.81 X 10"3cm.

L = 1.0 cm.

Te=T i =T N=IOOOeK

14

=Z

U_

6_

4 °

2

0

FIGI TRE 2. Theoretical Langmuir probe characteristic for a typical case of therm_
equilibrium.

molecules, and N2 ions. Since the Center's facilities can generate only relatively

low enthalpy plasmas and then only such that Te> T=, T,, discussion will be
limited to such cases.

The theoretical characteristics were based on the nominal diameters of tungsten

wires which could be fabricated into satisfactory probes. Limits on the range of

charged-particle number density for which the theory could be expected to hold

were found by imposing the conditions: (1) that the region of charge collection be

collisionless with respect to electron-neutral or ion-neutral collisions, and (2) that

the value of the probe's field at the maximum allowable value for r e must always

be 1/100th its value at rc. Based on Figure 1 and the desire to make the theory

applicable to values of charge density as low as possible, the maximum value for

r e was taken to be 100re.

Figure 2 shows a theoretical probe characteristic for a typical case of thermal

equilibrium. This illustrates the effect of speed ratio on ion current even at very

low probe potentials when the electron temperature is low.



102 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

oO _vY
0 E 0 o oo
-- _ _ 000
I--_ 0 O0
<_ '0 vl mO O_O

X 0

_. _ o vo,_-
z ,_- _ v, I I
o ,, ,, v, _ I '
" _-oo I I

11111 I I I Illl I Ill o
o To ,_o _,

°u/hi_ X (SdBV'-'I)

;_1

0 "_

=1

_._

N_

'

N_

_'_

Unfortunately the RF discharge produces plasmas which are far from being in a

state of thermal equilibrium. This means that the following temperatures were

expected in the experiments: T_=TN,_3OO°K, 4500°K<Te<30,000 °K. Thus

7 might vary between 15 and 100 and, hence, for a given experimental configura-

tion, the probe characteristic would have both n o and Te as parameters. If the

probe characteristic exhibits a strong dependence on Te throughout the ranges of

So and V0 available experimentally then unique determination of charge density

would depend on knowing the electron temperature. To determine if such were the

case theoretical probe characteristics were prepared for the above conditions.

Figure 3 shows the results. The electron-sheathed region is seen to be relatively

independent of electron temperature and thus provides a unique measure of charge

density. It 7'_ and S Oare known the ion sheathed region also determines n o uniquely.
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EXPERIMENTAL SETUP

In an attempt to verify the above theory, an experimental program is being

carried out in the Engineering Center's low-density, Mach-6, axisymmetric test

facihty sketched in Figure 4. Commercial grade liquid nitrogen provides the work-

ing gas. The stream, upon leaving the nozzle, passes through a boron nitride

constant-area heating section approximately 10 inches long. From this it exits

into a 61-inch I.D. teflon test section having various openings for observation of the

flow. The facihty is instrumented to provide plenum chamber pressure, test

station static and pitot pressures, and the approximate stagnation temperature. It

can be driven by either a large mechalrical vacuum pump, a cryopump, or both.

The discharge can be produced anywhere along the boron nitride section by

suitable positioning of the external ring electrodes. Power is supplied either by a

2-kw, 10-Mc/sec generator or a 12-kw, 12.8-Mc/sec generator. Overall heating

efficiency is estimated to be not more than 20°.o.

The probe instrumentation is shox_aa in Figure 5. Because of the non-equilibrium

nature of the RF plasma the entire system must be floated with respect to ground

to minimize disturbance of the plasma and to get satisfactory measurements.

Probe currents are measured with a Kay Lab model 203R microammeter. Probe

potential is measured with respect to a floating reference probe kept at a fixed

position in the stream. To insure isolation of the reference probe voltages are

measured with a Sensitive Research Electrostatic Voltmeter having an insulation

resistance >_10xs_. To obtain maximum resolution in the voltage measurements,

the meter is biased to the upper end of its scale by a suitable potentiometer. A

reversing switch allows measurement of probe voltages both positive and negative

with respect to the reference electrode.

The probe potential is varied with respect to the plasma by applying a voltage

between the probe and a cylindrical copper return-electrode lining the inside of the

teflon test section. Although there is considerable speculation as to how much this

technique disturbs the plasma, visual observations indicate httle effect and the

distance between the probe and the reference electrode is kept as small as possible

to minimize the effects of whatever changes do occur. Surveys of various plasma

streams at the test station indicated very small gradients in the core of the flow

for the case where the probe draws no current.

Because the RF discharge in this experimental configuration appears to act like

a batteD_, producing voltages up to 400 volts between interior points and points

on the boundary of the plasma, a relatively high voltage potentiometer is needed

to bias the probe with respect to the plasma. The potentiometer used consists of

two variable voltage sources in series. The coarse pot has a range of 0 to 1000 volts

while the fine pot can be varied from 0 to 24 volts, in steps of approximately 0.2

volts. This system is connected to the probe-return-electrode combination by a

reversing switch to again provide choice of sign.

The probe itself consists of a tungsten collector welded to a No. 30 copper lead

with the combination supported in a pyrex tube of approximately 0.055-inch O.D.

and 0.035-inch I.D. The tube is bent so that the axis of the collector is perpendicular

to the axis of the support tube and centered on it. The pyrex tube is necked down

and ground off until the tungsten just passes through it. Microscopic examination

indicates maximum clearance between the collector and the pyrex to be about

0.0003 inches. The diameter of the collector is nominally either 0.003 inches or

0.0012 inches. Lengths of the cantilevered collector section equivalent to a length-

to-diameter ratio of 600 have been produced without significant droop.



104 PHYSICO-CI-IEMICAL DIAGNOSTICS OF PLASMAS

®

@
@

o

@



_'ILBER: Langmuir Probe in Low-Density Flow8 105

P!

0-24 v

P2

O- 1000 v

I MICROAMMETER

V ELECTROSTATIC VOLTMETER

PI 0-24v FINE-DIVISION POTENTIOMETER

P2 0- IO00v COARSE-DIVISION
POTENTIOMETER.

REE

$2

300 v

FIGURE 5. Probe instrumentation schematic.

The probe support system allows the probe to traverse the plasma in a vertical
direction and to have its axis oriented at any angle with respect to the direction of
flow. Since the collector is centered on the axis of the support tube, displacement of

the probe in the plasma during a rotation is minimized.
Using this experimental system a number of measurements of probe characteris-

tics have been made for several combinations of the parameters involved.

Although the ranges of variation are not as great as were originally anticipated,
they do seem to provide some significant effects with which to study the theory.
The principal problem encountered in the work to date has been that of isolating
the probe instrumentation from the RF fields and noise associated with the
generator and discharge. Failure to properly solve this problem has limited the
measurements to a much lower upper limit on charge number density than was
originally anticipated. As a result it has not been possible to make simultaneous
independent measurements of charge density by microwave methods.

RESULTS AND DISCUSSION

A number of runs using three different probes in various flow conditions have
been made. Significant portions of probe characteristics were obtained in fourteen
cases which are described by Table I. Since an infinitely long probe oriented with
its axis parallel to the direction of flow is obviously a very good approximation to
the stationary case, most data was taken with the collector in this orientation in
order to allow interpretation by Langmuir's well established theory. In addition,
experiments showed that when placed transverse to the flow the collectors were
bent off axis by varying amounts depending upon probe geometry, flow conditions,
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TABLE I. EXPERIMENTAL CONDITIONS

Neutral particle Dis-
number density, Speed charge

Run Probe Probe axis rc L nN TN, T_ ratio power
No. location orientation (em x 103) 2r c (cm -3) (°K) (So) (Watts)

Parallel1 Centerline
2
3
4
5
6
7
8
9

10
11

Centerline
0.55 inch below
Centerline Parallel

12 0.55 inch below
Centerline Transverse

13 Centerline Parallel

14 Centerline Parallel

3.68
2.52

1
2.52

1.52

I
I
I

1

119.5 3.7 x 1015 _300
10.7 3.5 × 10 TM _ 290

2 x 1016 _330
6.8x 1015 _330
2.6× 1015 _330

10.7 1.9 x 1015 _ 340
605 8.1 × 1015 _325

1.8 × 1015 _ 330
3.2x 10 TM _290
4.7x 1015 _280

4.7 x 1015 _ 280

4.7 x l015 _280
8.0 x 1015 _275
8.0 x 1015 _280

5 _ 250
5 _ 200

_0.5 [

_0.5
_0.1
_5

0.05 _ 200
5 _ 100

200
I

1
_ 200
_ 400

voltage, and length of operation. The present theory was therefore checked by

taking a series of pairs of comparison points except for the curve obtained in run

No. 12 during which the collector's tip suffered a permanent set of 18 ° off axis.

Table II lists the pairs of points obtained.

TABLE II. COMPARISON POINTS INDICATIVE OF EFFECT O1_ ORIENTATION ON PROBE

CHARACTERISTIC AT VARIOUS CObIDITIONS.

Pair Run Probe location

number number (below centerline)

Parallel Transverse

Vv I v Vp Ip

(volts) (amps) (volts) (amps)

1 7

2 7

3 8

4 8

5 9

6 9

7 10

8 10

9 13

l0 13

11 14

12 14

0.14" --175 --9.56 x 10 -6 --174 9.64x 10 -6

50.2 0.907 x 10 -a 50.0 0.963 x 10 -3
--175 --3.45x 10 -6 --175 --3.40×10 -5

63.8 3.20 x 10 -s 60.3 3.20 x 10 -s
--195 --2.48 x 10 -4 --195 --2.60×10 -4

45.2 4.96 x 10 -3 42.3 4.96 x 10 -3

--201 --4.07x10 -5 --201 --4.84x10 -5

35.8 3.63 x 10 -s 32.6 3.60 x 10 -3

--113 --3.01 x l0 -5 --114 --3.36x 10 -5

22.1 4.84 × 10 -4 22.2 6.61 x 10 -4

--195 --6.25x 10 -5 --195 --8.56x 10 -S

49.8 2.89 x 10 -3 46.6 2.83 x 10 -s

To aid in interpreting the results, theoretical probe characteristics corresponding

to the nominal geometries of the experimental probes and covering the range of

experimental conditions studied are presented in Figure 6. The values of I v shown

are per centimeter of collector length. Since the RF plasma was expected to be out

of equilibrium between species with temperatures as shown on page 102, most of

the experimental data was taken in the electron-collection regions of characteristics

such that the data could be compared with theory directly without first determining

T e .

All the theoretical curves are based on the value n o = 109 cm-3. The value of no

observed experimentally is obtained by mul_lpLymg J, ,y _ ............... v .......
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FIGURE 6. Theoretical probe characteristics corresponding to experimental configura-
tions (Ti= TN: 3O0°K).

to the number of decades up or down that the appropriate _ction of the theoretical

curve has to be shifted to make it match the observed curve. Since the probe voltage

is measured with respect to that of a floating reference electrode located at a

different position in the plasma, there is a horizontal displacement of each experi-

mental curve, relative to its corresponding theoretical characteristic, which can be

ignored. Since plasma conditions vary from run to run, the shifts in the observed

results cannot be expected to be constant.

Figures 7, 8, and 9 show the fourteen measured characteristics. The current has

been "normalized" to correspond to that of a collector whose length is 1 cm and
whose radius is either 3.81 x 10 -3 cm (for runs 1 through 6) or 1.65 × 10 -3 cm

(for runs 7 through 14). The scatter in the observed data is apparently due to

several factors: (1) random fluctuations in the plasma conditions, (2) insufficient

resolution of the voltmeter readings, and (3) interaction of the ammeter with the

RF field which caused shifts in the characteristics of certain input shunting resistors

during some of the runs. Lack of sufficient data to accurately define the retarding
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FIGURE 7. Experimental probe characteristics for runs l through 5.
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field region in a number of the runs was primarily due to two factors: (1) random

plasma fluctuations of such period and magnitude as to make reading the current

on the more sensitive scales impossible, and (2) absorption of sufficient RF power

by the ammeter to cause failure of the resistors shunting the 10 _, and/or 100 ira
scales.

Comparison of the experimental with the theoretical curves immediately suggests

that in the region of electron collection electron production processes are sufficiently

active over the entire electron-sheathed region so as to alter that section of the

observed characteristic to such an extent that alignment with the theoretical curve

is impossible. The retarding field region is always so steep that its alignment is too

inaccurate in all cases. However, all measured slopes correspond to electron

temperatures between 300°K and 75,000°K which was anticipated. Unfortunately

in all except three cases the measured temperatures lie between l l,000°K and

75,000°K and therefore alignment should be made with the missing ion-collection

sections of the non-equihbrium curves in order to determine electron number

density with best accuracy, but for the experimental results this region is defined

vers_- inaccurately because of erratic ammeter performance in the corresponding

current range.

In the absence of the preferred method, it appears that the next best thing to do

is align the transition regions from the retarding field to the electron-sheathed

condition. If this is done comparison with the theoretical curves yields number

densities ranging from 5 × 107 (for run 7 where high pressure and low speed would

produce a maximum amount of recombination before reaching the probe) to

4.4 × 109 (for run 14 where high speed and increased discharge power would be

indicative of an increased degree of ionization at the probe).

Additional correlations between the experimental conditions and the electron

densities measured by ahgning the "knees" of the curves can be made. For

example, it was noted in runs 1 and 2 that light emission from the plasma stream

reached a peak in intensity in an annular region extending from about 0.35 inches

to 0.7 inches from the centerhne. To see if this was indicative of increased charge

density, runs 10 and 11 were made. The probe measurements made in these two

cases indicate that the charge density increases by a factor of about 2 in going

from the centerline out to a point 0.55 inches away.

Good temperature correlation is also observed. In those cases where the neutral-

particle number density is high and the speed is low, the electron temperature is

lower by a factor of one-half to one-fifth compared to that in runs where the

opposite conditions hold. For example, compare run 7 with run 12.

With respect to the pairs of comparison points verification of theory for the

stationary plasma case is provided by pairs 1 and 2. Pairs 3 through 12 apparently

all correspond to the Te>>Ti case and should show little difference between the

currents collected in the parallel and transverse orientations. This is what is

observed in pairs 3 through 8 where the neutral-particle number density is appar-

ently low enough for the probe to appear free-molecular with respect to electron-

neutral and ion-neutral collisions. Points 9 through 12, however, show significant

differences between the parallel and transverse values of the ion-sheathed current.

This may be because the neutral particle number density is high enough to keep

the probe from experimentally satisfying the theoretical free-molecular condition

stated above. However, for these runs a wake was observed to extend downstream

of the probe as much as 800 diameters. This may be indicative of a highly non-

central force field which might or might not have a significant effect on current

collection. The numerical values of T_ and n 9 obtained in the experiments are

summarized in Table III.
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TABLE III. EXPERIMENTAL I_ESULTS

Ie not no

Run (ion.sheathed section) (transition section)

number (°K) (cm -3) (cm -3)

1
2

3
4

5

6

7
8

9

10

11

12

13

14

53,000

6,300

44,000
35,000

14,500
75,000

58,000

72,500

10,000

11,000

24,500

56,000

10,000

11,000

4.5 × 109

] .5 x 10 l°

1.9 x 101°

4.4 x 101°

2.1 × 101°

8.0 x 109

3.7 x 10 l°

8.0 × 101°

1.3 × 10 TM

2.7 x 10 l°

1.7 x l01°

1.2 x 10 TM

1.1 x l0 TM

1.9 x 101°

1.6 × 109

9.2 x 108

2.0 x 108

7.1 x 108

4.4 × l0 °

5.0 x 107

5.4 x 108

5.3 x lO 9

6.0 x 108

3.4 x 10 _

4.3 × l09

4.5 x 10 9

4.4 x lO 9

The value of no in this column is generally considered to be the less

accurate of the pair.

CONCLUSION

The principal results of the experimental program can be summarized as follows:

1. Although the probe instrumentation system lacked sufficient sophistication

to definitely establish the proposed theory and its limits of applicability, it did

display all the qualitative behavior the theory predicts and was in good enough

quantitative agreement to lead one to suspect the instrumentation rather than thc

theory.

2. The electrons, although in a noisy plasma with significant RF fields, high-

concentration gradients, and complete lack of thermal equilibrium between species,

still satisfy the Maxwell energy distribution.

3. At probe potentials more than just a few volts above (+) the floating

potential the theory deviates significantly from reality due to secondary emission

from the collector's surface.

4. The single probe is definitely a useful experimental tool for obtaining signif-

icant local values of the electron temperature and charge density in a flowing

low-density plasma stream.

The experimental work to date has been very encouraging. However, additional

studies of the cases when the plasma is in equilibrium and where Ti > T e must be

made to complete the verification. Also the free-molecular condition should be

better satisfied experimentally than it has been to date in order to avoid any

ambiguity. This means operation at lower pressures and a more limited range of

application or else a smaller collector and much more difficult fabrication problems.

In any case further study appears justified.
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6. Robert Betchov and Eugene B.
Turner: Measurements of MHD
Turbulence with Magnetic
Probes

12$ Small magnetic probes have been used in this laboratory to make a

systematic study of MH D turbulence in a linear pinch stabilized with

an initial longitudinal magnetic field. The presence of MH D turbulence

in such a device was first reported by Burkhardt and Lovberg (1) of

Los Alanms. The pinch is produced in a 5-iach I.D., 24-inch-long

tube filled with deuterium gas by the discharge of an 85-_f capacitor

bank charged to 15 kv. The stabilizing field is 2000 gauss and the gas

pressure is typically 80 _Hg. The small magnetic probes, with a

frequency response up to 50 Mc, are inserted into the plasma through a

slot in the cathode and are moved radially by traversing screws. The

probe signals, which are proportional to B, are int_rated to give B,

the mag_ic field strength. Differentiating once gives B which is a very

sensitive measure of the onset and duration of the turbulence. A com-

plete mapping of the pinch was done using the J_ sig_wd to find the

onset of turbulence as a function of radius and time. The correlation

between two probe signals has been obtained as a function of the probe

separation using a technique employing an x-y oscilloscope. One

probe signal is put into the twrizoutal amplifier and the other into the

vertical amph_er. Many shots are required to obtain a relatively

smooth pattern which has an elliptical shape with the major axis lying

at 45 ° to the horizontal. The correlation is a function of the ratio of

minor to major axis of an elliptical brightness contour.

INTRODUCTION

The main impetus for this program was provided by the experimental work of
Burkhardt and Lovberg (1) at Los Alamos. A report of their work was delivered
at the Second United Nations Conference on the Peaceful Uses of Atomic Energy
held in Geneva in September, 1958. They made extensive measurements with small
magnetic probes on the magnetic fields in a linear pinch device, designated
Columbus S-4. From these data, they were able to deduce the magnetic fields,
currents, and plasma pressure distributions throughout the cylindrical tube as a
function of time. The probe signals at a given point were reproducible up to a time

ED.._OTE: Mr. Betchov and Mr. Turner are at the Aerospace Corporation, El Segundo,
California.
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of 2.5 _tsec after the start of the discharge current, but for later times the signals

exhibited random fluctuations. Also, the conductivity of the plasma, calculated

from the magnetic probe data, was found to drop sharply at 2.5 [zsec. Using the

published data of Burkhardt and Lovberg, Kovhsznay (2) developed an elementary

theory of magnetohydrodynamic turbulence applicable for this case and was able to

explain the apparent decrease in the electrical conductivity of the plasma. What

happens, essentially, is that energy is fed into plasma turbulence by the large

electrical currents in the plasma, and this energy, in turn, is dissipated in the plasma

by joule heating. With the additional energy dissipation, the plasma appears to

have a higher electrical resistivity.

The work of Burkhardt and Lovberg was performed primarily with single probes,

although some qualitative correlation was done by mounting four magnetic probes

15 mm apart in a quartz tube. Similarity was noted in the signals of adjacent

probes, indicating a degree of correlation.

It was recognized in this laboratory that the experimental study of magneto-

hydrodynamic turbulence would be very important to plasma physics and

magnetohydrodynamics. Except for the work of Burkhardt and Lovberg, there

had been no experimental work in this field. It was therefore decided to build a

linear pinch apparatus, similar to Columbus S-4, and to make quantitative studies

of plasma turbulence in a systematic manner. The experimental work described in

this paper was carried out during the period of January, 1961, to March, 1963.

DESCRIPTION OF THE APPARATUS

A schematic diagram of the linear pinch device is shown in Figure 1. The dis-

charge tube is a Pyrex glass or Mullite_ tube with an internal diameter of 5 inches.
At the two ends are flat-faced electrodes of stainless steel which fill the entire cross

section. The discharge path is 24 inches long. The current enters the tube at the

bottom electrode, the anode, flows through the gas to the top electrode, the cathode,

and returns to the capacitor bank through a copper screen which fits tightly

around the discharge tube. This provides a coaxial return conductor of minimum

inductance.

Surrounding the discharge tube is a solenoid which is used to produce a longi-

tudinal magnetic field of up to 4000 gauss. A field strength of 2000 gauss was used

for most of the experiments. This longitudinal magnetic field produces a so-called

"stabilized pinch". The current through the solenoid is supplied by a 400-_f,

4-kv capacitor bank. After triggering an ignitron switch the current rises sinusoid-

ally to a maximum value in about 400 _sec at which time the main discharge is

fired. In this relatively long time of 400 9sec the magnetic field penetrates the

copper screen and fills the discharge tube. For the short time duration (about

12 [zsec) of the main discharge, however, the thickness of the copper screen is

greater than the skin depth, and the fields are trapped inside.

The main capacitor bank consists of six low-inductance capacitors rated at

14.1 _zf each and 20 kv. Each capacitor is connected to an ignitron tube which, in

turn, is connected to a bus leading to the anode. The capacitor bank is discharged

through the pinch tube by triggering the six ignitrons simultaneously. By using

coaxial mounts for the ignitrons and parallel-plate transmission lines for the other

connections, the total parasitic inductance of the discharge circuit, including

ignitron switches, was only 0.033 _h. The General Electric type 7171 ignitrons

which were used are rated at 10 kv, but can be operated very reliably at 15 kv by

heating the anode region of the tubes with infrared lamps.

Mullite is a high temperature porcelain ceramic.
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FIGURE l. Schen_tic diagram of the linear pinch device.

The magnetic probes, described in the next section, protrude into the plasma

through a diametrical slot in the upper electrode which is at ground potential.

Two traversing screws are used to move the probes in a radial direction. One of

the probes can also be moved up and do_Ta or rotated through 360 ° by a gear

train located above the cathode. The discharge tube is evacuated with an MCF-60,

2-inch diffusion pump which gives an ultimate vacuum of 2 × 10 -6 mm Hg.

Deuterium gas can be continuously fed into the discharge at the bottom through a
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hot palladium thimble which passes only hydrogen or deuterium gas. At the same

time the tube is pumped out at the top through a small valve which can be adjusted

to give the desired pressure in the tube. The gas pressure is measured continuously

with a Pirani type vacuum gauge calibrated for deuterium.

The apparatus is equipped with a pneumatically-operated vacuum valve and

relay meters on the power supplies which automatically shut off when the proper

voltage is reached. Remote reading meters and controls are installed in the screen

room. These make it possible to fire the device every 2 minutes. Such speed is

important since it is often necessary to fire a series of 24 shots or more to obtain

sufficient data for a statistical analysis of the turbulence.

MAGNETIC PROBES

The use of small magnetic probes for the measurement of transient magnetic

fields inside a plasma discharge was first reported by Russian physicists studying

the pinch effect (3). Magnetic probes provide much valuable data about the plasma

discharge. From a knowledge of the magnetic fields inside the plasma as a function

of position and time, it is possible to determine the electrical current distribution

and the gas pressure in the plasma. A description of the magnetic probes used at

the Los Alamos Scientific Laboratories, together with some of the early results,

was reported by Karr (4). The design of our first magnetic probes was copied from

the description given by Karr.

The first magnetic probes consisted of small coils with 24 turns of no. 40 formvar

covered wire wound in three layers of 8 turns each on a 0.030-inch diameter core.
The leads from the coil were twisted and soldered to a miniature coaxial cable

connector at the other end of the probe. The probe coil and twisted leads were

enclosed in a non-magnetic stainless steel tube which was thinned to a 4-mil

wall near the coil and slotted at 90 ° intervals. The probes were designed to extend

4 inches into the plasma, so the last 6 inches of the probe were enclosed in a 2-mm

I.D., 3-ram O.D. fused quartz tube for electrical insulation. The total length of the

probe was 12 inches. Probes were made with the coil axis both longitudinal and

transverse so that all three components of the magnetic field could be measured.

Although this first type of probe appeared to give satisfactory results, we

endeavored to develop a technique to measure the probe sensitivity as a flmction

of frequency. After much difficulty a method was finally devised which gave

accurate values of the probe sensitivity over the frequency range of 1-50 Mc using

conventional electronic equipment. A Tektronix 190A signal generator, which has

a sine wave output of 10 volts peak to peak into a 50 ohm load, was used to feed

current into a small Helmholtz coil. The two individual coils had a radius of 2 cm

and a spacing of 2 cm. The Helmholtz coil produces at the center a very homo-

geneous magnetic field which can be accurately calculated. A series of four coils

with 10 turns, 4 turns, 2 turns, and 1 turn were required to adequately cover the

frequency range. The maximum frequency at which a particular Hclmholtz coil

can be used should be less than approximately _- the resonant frequency of the coil

so that the current in the coil is close to the measured current. The minimum

frequency is determined by the point at which the coil begins to load the oscillator.

The current input to the Helmholtz coil was measured with a Tektronix current

probe and oscilloscope which had been calibrated at frequencies of up to 50 Mc.

The magnetic probe was properly positioned in the center of the Helmholtz

coil, and the output was measured with a Boonton RF voltmeter. It was necessary

to put the RF voltmeter in a screen room with the oscillator outside to reduce

pickup. The output voltages from t.hc probes wcrc only a few mi!!ivolt,_, With the
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probe outside the Helmholtz coil, no signal was observt,xi. An example of probe

sensitivity as a function of frequency determined by this technique is shown in

Figure 2.

These measurements showed that the sensitivity of the first magnetic probes

fell off badly above 10-15 Mc. For this study of M-HD turbulence, however, it was

desirable to have a frequency response that was fairly fiat out to 40 Me or more.

Therefore, in order to design better probes, it became necessary to investigate the

factors affecting the frequency response. At approximately this point in our

research, a paper by Segre and Allen (5) was brought to our attention. This paper

discusses the factors affecting the frequency response of magnetic probes. The

to
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FIGURE 2. Probe sensitivity curves.

major factor causing the falloff of sensitivity at high frequencies in the first probes

was the relatively high inductance of the probe coils. When eL becomes com-

parable with the characteristic impedance of the coax line (50 ohms in our ease),

the probe signal is partiaUy inte_orated; this produces a phase shift and a reduction

in signal. The inductance was calculated to be 0.4 _h so wL = 50 ohms at 20 Me.

It was also found that the fairly thick stainless steel wall (4 mil) surrounding the

coil for electrostatic shielding, attenuated the signal at higher frequencies--

especially for the probes with transverse coil orientatiorrs.

:New magnetic probes were designed to provide, among other improvements,

good frequency response up to 50 Mc. The number of turns in the coil was reduced

to 10---2 layers of 5 turns each on a 0.042-rail diameter core. The calculated coil

inductance was thereby reduced to 0.12 tth. The coil leads were connected directly

to a small coaxial cable instead of twisted leads. By placing the probe coil at the

end of the coaxial cable, it was possible to push the coil into quartz tubing bent into

various shapes as shown in Figure 3. The L and hook probe shapes were designed

for some of the correlation studies. The coils were electrostaticaUy shielded with 1 mil

strips of nichrome, but we doubt that any shielding at all is required as the probes

have a quite low impedance. Frequency calibrations of the new probes, such as shown

in Figure 2, confirmed that the frequency response was satisfactory up to 50 Me.
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The magnetic probe signal is V =  N A B  where B = d B / d t ,  N is the number of 
turns in the coil and A is effective coil area. For the new probes, the value of N A  
was about 1.2 x square meter turns. The maximum signal strengths from 
these probes was often greater than 100 volts. The so-called “ground potential” 
was found to vary during a shot by 50 volts from the upper manifold, which is 
bolted to the cathode, to the ground side of the capacitor bank. To avoid spurious 
signals on the probes, it  was necessary to connect a wide sheet-aluminum ground 
strap from the screen room to the upper manifold where the probes were located. 
The coaxial cables carrying the probe signals were then laid on the ground sheet. 

To obtain signals proportional to the magnetic field, R-C passive integrators 
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were used. Initially, a 500-ohm resistor and five 0.02-_zf ceramic capacitors con-

nected in parallel were used to give an R-C time constant ofS0 Fsec. The capacitors

were found to have an L-C resonance at 22 Me, so they were replaced with five

0.001-tff capacitors with a 10K resistor. The latter were found to be satisfactory up

to 50 Mc. The passive integrating circuit and the terminating resistor were mounted

together in a brass cylinder. The terminating resistance consisted of five resistors in

parallel soldered radially from the central conductor to the sbell. The 10K-

resistor was then mounted on axis followed by the five capacitors soldered radially

to the shell. This arrangement minimized parasitic inductance and thus increased

the frequency response of the circuit.

PLASMA CHARACTERISTICS

The theory of tile linear pinch is given in several books on thermonuclear

research (g, 7) and will not be described here. We would like to give only a qualita-

tive description of the operation of this device, together with some experimental

observations, in order to better understand the signals produced by the magnetic

probes. When the ignitrons are triggered, the capacitor bank discharges through

the gas in the tube. Under the usual conditions of 15-kv potential on the capacitor

bank and a 2(D0-gauss initial longitudinal magnetic field, the duration of the first

half-cycle is about 12 _sec and the peak value of the current is about 250,000

amperes. A t33aical pair of voltage and current traces is shown in Figure 4.

5kv_- "

184_a

920,_ iL,,.. , , , , , , , , , ,

0 2 4 6 8 I0

TIME, ,LLSEC
FIGURE 4. Current and voltage in the pinch device. Initial conditions: 15 kv, 2000 gauss
B. and 80 _Hg of deuterium.

Initially, the current begins to flow in the gas closely following the walls of the

tube. Soon, however, the magnetic pressure associated with the current in the gas

pulls the plasma off the wall, and the plasma column begins to rapidly implode

toward the center. The longitudinal magnetic field is trapped inside and com-

pressed as the column contracts since the plasma is highly conducting. The change

in the diameter of the plasma column with time is shown in Figure 5. This was
5+



120 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

calculated from probe measurements of the longitudinal magnetic field. A similar

sort of time variation of the radius was also observed with a rotating-mirror

streak camera. One sees that the radius of the plasma column oscillates with a

frequency increasing from 1 to 2 Mc until about 4 _sec. This oscillation also shows

up in the voltage and current traces (see Figure 4). The increase of inductance

associated with a decrease in radius causes a decrease in current and an increase

in the voltage across the discharge tube. The oscillation of the plasma column also

shows up in the magnetic probe signals.
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FIGURE 5. Radius of plasma column.

Under the assumption that the current flows in an infinitely thin layer along the

surface of a perfectly-conducting plasma, the longitudinal magnetic field can

theoretically completely stabilize the plasma column. Due to the finite conductivity

of the plasma, however, the magnetic fields can diffuse through the plasma. We

surmise that the MHD turbulence observed in the plasma column accelerates this

diffusion process. The longitudinal magnetic field trapped inside the plasma column

diffuses outwardly, and the azimuthal magnetic field outside the plasma column,

which is due to the current through the gas, diffuses inwardly. The mixing of the

two fields results in a net helical field which, in turn, results in a helical instability

of the plasma column. The behavior of the plasma column with time is shown by

the series of Kerr-cell camera photographs in Figure 6. The column appears to be

fairly stable until 5 _sec when the helical distortion begins to appear. This helix

expands rapidly and the plasma hits the walls after 7 _sec or so. Any magnetic

probe measurements which we wish to make on the "stable" plasma column are

meaningless after 5 9sec. An "unstabilized" pinch column, produced without the
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initial longitudinal magnetic field, reaches a smaller minimum diameter and breaks 
up somewhat snoner due to  other instabilities n-hich are inhibited by the trapped 
longitudinal field in the “stabilized” case. 

MAGNETIC PROBE MEASUREMENTS 

Two magnetic probes were mounted in the upper manifold and extended into 
the plasma a distance of about 4 inches through a diametrical slot in the cathode. 
The probes could be moved radially by means of traversing screws. In  addition, one 
probe could be moved up and down or rotated with an external gear train. Surveys 
were made with single probes aligned to  measure B,, B,, and B,. Also, pairs of 
probes were used to measure correlation as a function of probe spacing. 

Figure 7 shows oscilloscope traces obtained with B, and B, probes inside tlie 
plasma column. Thc upper tracc is tlie direct probe signal proportional to  B, while 
the lower tracc is the integrated probc signal, proportional to  B. Four oscilloscope 

l I I 1 i i I l l  

FIGURE 7. Four superimposed oscilloscope traces of magnetic probe signals in the 
plasma column. Upper traces are B and lower traces are B. B,-signals are on the left and 
B, traces are on the right. Sweep speed is 1 p e c  per division. 

pictures have bcen superimposed to show the fluctuations in the magnetic field from 
one shot to  the next. The fluctuations, which start a t  about 2.5 psec, show up much 
better in the direct probe signals than in the integrated signals since integration 
suppresses the higher frequencies. These fluctuations have been interpreted as 
evidence of MHD turbulence. The B, signal shows the compression and oscillation 
of the B, field trapped inside the plasma column. The fluctuations in B, are some- 
what smaller than the periodic changes in B, due to these oscillations. The B, 
signal should, of course, be zero as long as all the current is flowing on the outside 
of the plasma column. The small fluctuations in Bo are evidence of local currents 
inside the column. After 5 psec or so, the plasma column becomes unstable, and 
the probe traces show large excursions. 

The best indication of the onset of plasma turbulence is the second time deriva- 
tive of the magnetic field. This is easily obtained by differentiating the direct 
probe signal. The typc of signal obtained is shown in Figure 8. Using the second 
derivative, we have mapped the onset and duration of MHD turbulence as a 
function of radius and time. It was found that the turbulence apparently starts on 
the surface of the plasma column and spreads rapidly both inwardly and out- 
wardly as shown in the diagram of Figure 9. Although the region outside the plasma 
column is not luminous, there is apparently a tenuous plasma left behind which 
supports the turbulence. It has been found by other investigators that there are 
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currents in the region bet\veen the main plasma Coltimll and the wall (4). and 
substantial currents near the wall have been found to rno\-e in a direction oppoqite 
to the main cnrrent. Kodsznay (2) has sholvn that JZHD turbulence results in an 
increase of the effectire resistivity of the plasma. This. in turn. results in more 
rapid diffusion of the magnetic field through the plasma and is probahl- rwponsible 
for the relatively fast breakup of the .;o-rallrd "stabilized" plasma. 
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One of the most powerful techniques used in the experimental study of turbulence 
is the measurement of the correlation betwecn signals from two measuring probes 
as a function of the distance between the probes. For the short time duration and 
rather high frequency of the turbulence, the best method of correlation deter- 
mination appeared to be the use of an x-y oscilloscope. This method is described by 
Barber (8 )  and has been used by several investigators, for example, A. Favre et al. 
(9), for studies of turbulence. The signal from one probe is put on the horizontal 
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FIGURE 9. Space-time diagram showing spread of turbulence. 
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amplifier, and the signal from the other probe is put, on the vertical amplifier. For 
normal distributions, the brightness contours are generally elliptical with the 
major axis of the elliptical contours lying a t  45" to the horizontal if the rms values 
of the two signals are equal. The degree of correlation can be determined from the 
shape of the ellipses. For zero correlation the contours are circular, and for a 
correlation close to unity the ellipses are very thin. 

Calibration patterns can be obtained by the use of two noise generators with 
mixing circuitas. Let the signal from one noise generator be f ( t )  and the signal 
from the other be g ( t ) .  The rms outputs are adjusted to be equal so 

f"0 =s2(t) 
Since the two signals are independent 



Sou M it11 niising circuits fimn two new signals. F ( t )  and G(f) wch that 

and 

The factor (I can vary hetn een zero and unity. and represents the fractional output 
of a variable attenuator on the iecnnd noise generator. The correlation. R. between 
the t n o  nev signals is 

~~ 

F ( f ) W  
1 F2(t)  G2(t) 

R =  
/ =-== 

Siili+titiitiiig for F ( t )  and G(t) one finds 

FIGURE 10. Four . I  -!I oscilloscope calibration patterns obtained using noise generators: 
degrees of correlation noted in lower right-hand corner. 
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Thus, any value of R from zero to unity can be obtained by varying the factor a 
between unity and zero. A series of x-y oscilloscope patterns obtained in this 
manner are shown in Figure 10. To obtain reasonably smooth x-y correlation 
patterns of magnetic probe signals, traces from a large number of shots (usually 
24) must be superimposed. A 65-volt positive gate signal is applied to the unblanking 
terminal of the x-y oscilloscope during the period of time that the plasma exhibits 
MHD turbulence. This starts a t  about 2.5 psec and stops a t  5.5 psec when the 
plasma column begins breaking up because of helical instability. Thus the z-y 
trace is recorded only during the period of MHD turbulence. High-pass filters are 
used to eliminate any effect due to the gross motions of the plasma column 
(particularly the “breathing” mode which has a frequency of 1-2 Mc). So far, x-y 
correlation patterns have been obtained from two B, probes with varying dia- 
metrical and longitudinal separations. A series of four such z-y oscilloscope 
pictures using B, probes with a diametrical separation are shown in Figure 11. 
The probes were placed equal distances from the tube axis and on opposite sides 

FIGURE 11. Four X-!J oscilloscope patterns of B, turbulence ; diametrical probe 
separations, noted in lower right-hand corner, are in inches. 
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of it. At a spacing of 0 5 inch+ the correlation 1- veq- high (estimated at about 
0.9): at 0.75 inches. the correlation falls t o  ahout 0.i: and at 1 . 0 0  inchei. it i s  less 
than 0.5. Almost no correlation exists at a spacing of 1.3 inchw. 

In principle. i t  is powihle to  ohtain the energ>- spectrum E ( k )  of the turbiilcnrr 
as a function of a n a w  number. k.  by taking a Fourier transform of the correlation 
function. To pet a reasonably good ciirx-e for E(k) .  however. many more point4 
qhould he obtained for correlation verquq separation, and the correlation inust lw  
obtained hy a more accurate method than visual estimation. 

FIGCRE 12. Four 2-y oscilloscope. patterns of R; turbulence: longitudinal probe 
separations, noted in lower right-hand comer, are in inches. 

5* 
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Correlation patterns obtained with a z-separation t of B_ probes were especially

interesting. A hook probe and a straight probe were used with the straight probe

being raised and lowered with a rack and pinion gear. The x-y oscilloscope patterns

were unusually elliptical in shape as seen in Figure 12. Oscilloscope patterns

obtained for single shots, which were a little too light for good photographic

reproduction, showed elliptical paths which appeared to be sections of Lissajous

figures. This suggested that the turbulent magnetic field fluctuations were being

propagated in the z direction with a definite velocity. An obvious explanation is

that Alfv_n waves are being propagated along the B_ magnetic field lines which

are trapped inside the plasma column. The velocity of an Alfv_n wave is

B

VA _"_0_

in mks units. The Alfvdn wave velocity was calculated from the measured value of

B and the value of p there would be assuming all the gas is swept into the central

plasma column. This velocity calculated using this assumption was only one-half

the velocity determined from the Lissajous patterns, however. One must therefore

consider the possibility that much of the gas is left behind as the current sheath

pinches inwardly.

It was found that the presence of one probe reduces the signal picked up by a

second probe. The region of influence is elongated in the direction of the B:

magnetic field lines. The range of influence in the direction perpendicular to the

magnetic field lines was smaller than 0.5 cm, but in the direction of the field lines

the range of influence was found to be several centimeters. This is undoubtedly

due to the propagation of Alfvdn waves along the field lines. In view of this, the

probes should have been inserted deeper into the plasma since the cathode must

influence the turbulence for a considerable distance. Also, much care must be taken

so that one probe does not lie directly above another, i.e., on the same B z field

lines. Therefore it may have been better to have inserted the probes radially

through the tube walls rather than through the cathode as we have done.

Estimates were made of the rms values of B, J_, and J_ by comparing these

signals with oscilloscope pictures of noise-generator signals whose rms values were

measured with a meter. The magnitude of the fluctuations in the three perpendicular

directions were equal within a factor of two. The estimated magnitudes were:

(AB)rms = 200 gauss

(A/_)_m s = 5 × 109 gauss/sec

(hJ_)rms = 1.5 × 1017 gauss/sec 2

These values are probably accurate only to + 50_, since they are visual com-

parisons. For reference, the value of B_ when the plasma column is constricted is

about 16,000 gauss.

It is useful to form the following nondimensional quantity:

(AB)(AB)

(±B)2

This quantity cannot be less than unity. For a pure sine wave it is unity, and for

random noise with a gaussian distribution it is _/3. For the values given above,

this quantity is slightly greater than unity.

Tim z-direction is parallel to the tube axis.
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A study was made to find the highest frequencies present in the MHD turbulence,

i.e., the high frequency cutoff of the energy spectrum. The low frequencies were

reduced to a small value by using an R-C differentiating circuit. The resulting

signals were displayed on a Tektronix 517 oscilloscope, which has a frequency
response of greater than 50 Mc. Frequencies of up to 20 Mc _'ere observed. The ion
cyclotron frequency is about 12 Mc, so the high frequency cutoff is almost twice the
ion cyclotron frequency. The ion cyclotron frequency therefore appears to have no
effect on the maximum frequency of MHD turbulence.

When the survey work was being done using B signals to trace the space-time
growth of the turbulence, it became evident that there was an inherent 180 °
asymmetry in the amphtude of the turbulence. Rotating the cathode and external
solenoid had no effect, so it was suspected that. feeding the current at the bottom
of the tube from one side might be the cause. Furthermore, it was felt that since
the pinch discharge was very transient in nature, it would not be worthwhile to
use this device for further, more quantitative, work. For these reasons, the work
has not been continued.
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7. R. M. Montgomery and
R. A. Holmes: Some Experiments

in Radio-Frequency Diagnostics

of Partially-Ionized Plasmas

__ In this u_ork the sheath theory developed by Bohm is applied to

solve for the potential near a negatively-biased electrode in a neutral

plasma. Approximate expressions are derived for the sheath thickness

as a function of the electrode potential. The time-independent solution

is then used with a perturbation, technique to solve for the high-frequency

electric field in the sheath and plasma. This ,field is then used to

calculate the impedance between coaxial plasma-filled electrodes.

Various portions of the impedance versus bias voltaqe curve and

impedance versus frequency curve are related to the plasma density

and temperature. The actual measured impedance between coaxial

cylinders is compared to that calculated and these quantities are found

to be in good agreement.

INTRODUCTION

Radio-frequency (RF) impedance measurements on a large-area probe in a

plasma can be interpreted to find the plasma electron density and electron tem-

perature. Two common plasma diagnostic techniques, the Langmuir probe

teclmique and the microwave cavity method, are accomplished either at essentially

static (d-c) conditions in the first method or at frequencies well above the plasma

frequency in the second method. The RF measurements to be described, however,

are carried out at, or not too far below, the plasma frequency--the very frequency

range in which the plasma might be expected to exhibit its most interesting

behavior. Furthermore, in some plasma devices of current interest, measurements

of bulk plasma properties could be made by this technique using electrodes already

present for other purposes, ehminating the need for auxiliary probes.

The specific experiments to be analyzed and described were done with a

negatively-biased cylindrical probe electrode in a cylindrical low-pressure mercury-

arc discharge; the other electrode in the impedance measurement was a coaxial

cylinder wrapped around the discharge tube wall. This geometry is shown in

Figure 1. The net impedance from the inner cyhnder to the outer one will be

composed of four parts: (1) the plasma sheath impedance (capacitive) at the inner

electrode; (2) the impedance of the spatially-varying bulk plasma (inductive,

resistive, capacitive); (3) the glass tube wall sheath impedance (capacitive and

_,D. _'OT_,: Mr. Montgomery and Mr. Holmes are in the Department of Electrical

Engineering at Purdue University.
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FIGURE 1. The experimental discharge tube.

practically negligible); and (4) the impedance of the glass wall (capacitive). The
organization of the results of this work logically follows this layout of the parts of
the overall impedance. First, the static behavior of the sheath at the inner electrode
is reviewed to lay the foundation for the behavior of sheath capacitance. Next, an
RF perturbation analysis is developed to find the electric fields in the sheath and
bulk plasma. Following this, the material is applied to impedance measurements
at low radio frequencies where most of the impedance is in the sheath capacitance
(the bulk plasma being a good conductor), then applied at radio frequencies in the
neighborhood of 0% for the bulk plasma.

THE D-C SHEATH

Before discussing time-dependent sheath phenomena, it is convenient to briefly
review the well known static sheath theory. The plasma boundary or wall under

consideration is assumed to be negatively biased to the point that the electron
current to it is a negligible fraction of the random electron current in the plasma.
(The average velocity of the electrons, u, is assumed to be zero.) The electrons are
also assumed to be near thermal equilibrium at a temperature T which is much
larger than the positive ion temperature, and the sheath thickness is taken to be
small so that no collisions occur in the sheath region.

Under these conditions the sheath theory of Bohm (1) is applicable and the
model for the sheath will be that shown in Figure 2. In this model the ions are
accelerated in the pre-sheath region and arrive at the sheath edge with a kinetic
energy equal to ½kT. The derivative of the potential at the sheath edge is small
compared to its value inside the sheath.

The basic equations describing the sheath include the electron momentum
equation

0 = -neE-kTdn
dx (1)

the continuity and momentum equations for positive ions

d (NU) 0 (2)
dx

NM dU = NeE (_
x •

aX
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and Poisson's equation

d_V = __e (N- n) (4)
dx 2 e o

where e is the charge on an electron and n is the electron density. N, M, and U are
the positive ion density, mass, and average velocity, respectively; V is the potential
and E the electric field strength; e0 is the permittivity of free space and k is
Boltzmann's constant.

2@

n s-

TRON DENSITY

SHEATH PRE -SHEATH X

N.> n Nwn

dV dV ,,,,0
d-X"> 0 d"-X

FIGURE 2. The assumed form of the potential and the electron density.

Equations (1) through (4) can be reduced to the single equation

= -e-" (5)
_+½!

where the normalized variables

eV X X

= -_-_ and _ - (eolcT/ne2) 1/2 = _v

have been substituted.

For large values of _ (approximately _ > 4) this equation can be solved to obtain

(6)

where _/= is the normalized potential at the wall.
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For small values of V (approximately _?< 5) a solution to equation (6) is obtained
by expanding _?(_:)in a power series about the point where V =5. Calling this point
_:1, the power series for _7becomes

V(_:) = 5 - 1.63(_:- {:1)+ 0.147(_:- _1)2

-0.00345(_- _1) 3+ 0.000033(_- _:)4 + 0.0000275(_- _:_)_ (7)

The graph of _ versus _:which is obtained from equations (6) and (7) is shown in
Figure 3 for Vw= 50. Equation (6) has been compared to and found to be in good
agreement with the experimental data obtained by Von Gierke (2).

RF ELECTRIC FIELDS IN THE PLASMA AND SHEATH

From Figure 3 it can be seen that a reasonable approximation to the electron
density at the plasma edge is a step function occurring at the point where n/n s = ½.

nlns

FROM EQ.(G)

--- FROM EQ.(7)

50 I

"7

40 .8

30.-.6 17

20--.4

I0

0 4 8 12 16 20 24

FIGURE 3. Variations of _ and n for _w= 50.

This closely corresponds to the point where _ = 0 in the approximation of equation
(6). This result will bc used to define the sheath thickness in calculating the
capacitance across the sheath.

If one now assumes that the wall potential, V,_., has a small sinusoidal pertur-
_'_;_" ;"q ..... ' ...... -_ and average ...........

glt_i3blOll U_II_IL_ _ )g_ Yt3tOgiUV, a,
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are similarly perturbed, then the continuity and momentum equations for electrons
become

d
_X (n°ul) = -j_nl

dV1 dVo d_ll
jwnou l = noe ---d-_+ enl --d--_- k T d--X

and Poisson's equation reduces to

d2 Va = en._.._l
dX 2 eo

Here the variables with the subscript 1 refer to small perturbations about the
equilibrium vahms which have the subscript O. Second order perturbation terms
have been neglected and, for simplicity, the electron temperature has been
assumed constant in time and space.

It is possible to eliminate nl and ul from these equations to obtain

noe2 21 e dE1 d Vo kT d2E1
7--om-°J ] E_+°J2E_ = m _ -d-'X+ _ _ (8)

where E_ is the perturbation electric-field strength at the wall. In the sheath region
n o-_ 0 and n 1__0, implying that

dE1 d2E1
_=0 and _-_-2 =0

and equation (8) reduces to EI=E r On the other hand, in the pre-sheath and
plasma regions

dVo
dX _- 0

and equation (8) becomes

[ hoe2 2"! 2 kT d2E1
corn -- w J E1 + _ E, = m dX 2

For the moment, n 0 will be assumed independent of x outside the sheath and the
following substitutions will be made:

oJ_ = eomn°e2 A_ =- oJ_m

The resulting equation

has the solution

1 [ o_2] _ oJ2m d2E1_ 1-_j_,_+-z_- E, = _x_ (9)

E_ [_yo (l__# ] (lo)E1 = 1--w_lw-----_ _-A exp x ofl_ 1/2]

This solution is strictly correct only for the case when no, hence wr, is independent
of x; however, the "relaxation length",

h_

[1 _ (_:/_)]_/2
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is found to be somewhat greater than the Debye length for _o< _%. Thus, in a region
where n o does not vary appreciably over a Debye length, the second term in

equation (10) is negligible and E 1 becomes

Es
E1 - l_(oj_(X)/¢o2)

Returning to equation (10) it will be noted that the second term may be written
as

X 0)2_1)1/21

and for _ > wp it represents the usual "plasma wave" propagating with a wave

length

= 21riD

EXPERIMENTAL MEASUREMENT OF SHEATH THICKNESS

In the preceding development it was shown that for _o considerably less than

wr the RF electric field in a plasma is given by

Es

E: = 1_(w2/_o2)

This indicates that for to<<(%, the field in the plasma becomes much smaller than
the field in the sheath and opposite in sign. This also means that for sufficiently
high plasma density, the RF potential difference between two electrodes in a
plasma will appear almost entirely across the plasma sheaths surrounding these
electrodes. Thus the impedance between these electrodes will be only the sheath
impedance, and hence a method for measuring sheath thickness is obtained. Of
course, the sheath edge must be reasonably well defined if this measurement is to
have any meaning. The d-c sheath theory presented previously indicates that the
sheath edge is reasonably well defined and that it is located at that value of _ for
which ,/=0 in equation (6) or

4 [_w_l/2[[_w_ 1/2 2] 1/2d=-_AD_] L_Y! + (11)

where d is the sheath thickness.

The impedance presented by the sheath is then

Z, = jo_eo----A= g jo_Eo-----A + 2 (12)

where A is the area of the sheath.

Equation (12) involves two unknown parameters--the electron density, and the
electron temperature; all other quantities are either known or measurable. Thus,
the measurement of the impedance, Z_, for two different values of d-c potential,
V_, makes it possible to determine n and T from equation (12).

The validity of equation (12) was checked in the experimental discharge tube
shown in Figure 1. The impedance between the coaxial cylinders was measured
with various values of d-c bias on the inner cylinder. These measured impedances
were then corrected for the impedance of ....tn_glass tube ....._.'1 _.._."_ncompared to
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those calculated with equation (12). The radius of the inner electrode was made

large compared to the sheath thickness to insure the applicability of planar sheath
theory; all calculated values of Zs were based on Langmuir probe measurements of
n and T. The results of this investigation appear in Figure 4.
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FIGURE 4. The variation of RF impedance with d-c bias.

RF BEHAVIOR NEAR THE PLASMA FREQUENCY

At frequencies which are near the plasma frequency the electric field in the
plasma is no longer negligible. The impedance between the concentric cylinders of
Figure 1 will now be studied for frequencies in this region. In order to simplify the
discussion the diameter of the inner cylinder and the spacing between cylinders will
be taken to be much greater than the Debye length. Furthermore, the effect of the
plasma wave represented by the second term in equation (10) will be considered
negligible. That is, the plasma may be characterized by the usual dielectric
constant

.,2 -j_v_1

for purposes of calculating impedance. The j_v_ term in this expression arises
because of the effect of collisions on the particle motions. This effect was neglected
in writing the equations of the preceding sections of this paper, but it could be
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accounted for by introducing a viscous-like term in the electron momentum equa-

tion. The effects of collisions in the plasmas referred to in this paper are usually

small; however, they become very important near certain resonant frequencies.

If one considers an arrangement similar to Figure 1 with electrode length l,

inner cylinder radius a, sheath radius b, and plasma column radius c, then the RF

electric field in the plasma is

aE_

E1 = {1_[_/(032_j03,,c)]ir

where E_ is the field at the surface of the inner cylinder. If the electron density is

then approximated by the expression

n(r) (a-- 1)n 0 ab-C (13)
-- C-b r + n° -b-C

then the impedance between the cylinders becomes

032 • 03Yc 032 • 03Vc

Zt= 2_j_eo_032 .03Vc 03__a_)ln[ {03 .03vc} ]03o c-b b (14)

1 in b+Z9

where oJo is defined by the relation

03_ -- no e2

_:o m

and Z_ is the impedance presented by the glass tube envelope.

The experimental conditions used to investigate equation (14) were such that

the planar d-c sheath theory is not applicable; however, the sheath thickness can

still be determined from the value of the impedance at low frequencies (03<<03p).

The following parameters are those of the discharge tube used in the experiments
described here.

Zg = -j27r × 109/03
a = 2.31× 10 -3 meters

C = 1.85 × 10 -2 meters

l= 6×10-2 meters

The sheath radius

impedance:

was determined from the low-frequency behavior of the

b = 3.44 x 10 -3 meters

The collision frequency, v_, was determined by measurement of the high-frequency

impedance of solenoid surrounding the plasma, a technique which has been

developed by Persson (3).

Calculations were made for two values of a. a = _ which, according to the results

of Parker (4), makes equation (13) into a reasonable approximation for the

electron density in a cylindrical discharge and a = i (uniform electron density).
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With the preceding numerical values inserted, equation (14) becomes

.55[fo\ .124/fo_ [ (fifo) 2-jO.O261(f/fo) ]
Z, = --J [7] -3 _7] [(f/fo) 2-1.11 --jO.O261(f/fo) ]

In 5 4 [ (f/f°)2-1-/0.0261 ($/$o)1
• t($/$o)2- ½-j0.0261($/$o)]

for a = ½ and

_ra=l.
I (f /f o)2 -- 1 --jO.O261(f /f o)J J

(15)

(16)
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FIGURE 5. Magnitude of the experimental and theoretical impedance between coaxial
cylinders.
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frequency.

These two equations are plotted in Figures 5 and 6 and the experimentally
measured impedance values appear as the dots on these figures.

The general appearance of these curves is briefly explained as follows: At low

frequencies the impedance asymptotically approaches the impedance of the sheath
alone as previously explained. Thus the low frequency asymptote on a log-log plot
is a straight line with a slope of minus one. At a somewhat higher frequency the
sheath capacitance and the inductance presented by the bulk of the plasma form a
series resonant circuit and there is an impedance minimum. At a still higher
frequency (the plasma frequency for the case of uniform electron density) the

inductive currents produced by the electron motion in the plasma cancel with
the displacement currents in the plasma and an impedance maximum occurs. The
magnitudes of the maximum and minimum impedance are determined by the
collision frequency. As can be seen in Figure 5, the calculated impedance minimum
is about four times smaller than the measured value and the calculated maximum
is about twice the measured value. This indicates either that the solenoidal measure-

ment of collision frequency yielded too low a value, or that there are some losses
associated with the coaxial cylinder impedance measurements which were not
present in the solenoid measurements.

The frequencies at which the impedance maxima and minima occur are in good
agreement with the calculated frequencies which are based on Langmuir probe
measurements of electron density.
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CONCLUSIONS

The results of the experiments performed show that high-frequency methods can

be applied to measure plasma sheath thickness directly. The)- also show that the

high-frequency impedance between electrodes in a plasma can be accurately

predicted and that the plasma electron density, temperature, and collision

frequency can be determined from this impedance.
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8. W. K. McGregor: Spectroscopic
Measurements in Plasmas

12¢ The possible uses of spectroscopy in the diagnostics of plasmas are

described. Brief descriptions of the methods used in measurement of

temperature are given and an attempt is made to identify the governing

energy distribution in, each case. Identification with the translational

velocity distribution makes the method valid; identification uqth some

other distrib_ion makes closer study necessary. Some actual data from

arc plasma jets are used to illustrate the arguments. The classical

criteria for equilibrium are re-examined briefly and some additional

limitations imposed. The influence of metastable atoms on the inter-

pretation of the spectra from low density streams is discussed and some

application to temperature measurement given.

INTRODUCTION

This paper deals with a narrow slice of a very broad subject. The title is much

too broad for the material that is to be covered. In the first place, the word

"plasma", meaning any gas that is ionized to some extent, must be narrowed in

the treatment to include only those plasmas applieable to gas dynamics studies and

to exclude gas discharge tubes, stellar atmospheres, or the high-energy plasmas

associated with fusion research. The gas dynamics realm of plasmas includes the

plasmas generated by gases flowing through electrical discharges and gases heated

in shock tubes. However, it is preferred to omit even the latter from the discussion

because the mechanism of excitation is much different, and, too, the author is

more familiar with the processes going on in plasma generators.

The concept of spectroscopy must also be narrowed for the purpose of this paper

in order to deal only with those methods and concepts which do not push the

state of the spectroscopic art. For this reason, little note will be made of the more

fundamental problems--which are, even now, not completely treated--such as the

cross sections for various excitation mechanisms and the validity of transition
probabilities.

It is also not intended that this be a review paper because (1) many review

papers exist on gas discharge phenomena and the author would not attempt to

improve upon them (1); (2) the methods of spectroscopic diagnostics have been

adequately treated in many places (2), and it is desired only to summarize them

briefly here; and (3) the applications of gas discharge phenomena and spectro-

scopic measurements in flowing systems are not yet adequately reported so that an

accumulation of material for a critical evaluation of methods and results is pre-

mature. Rather, it is hoped that this paper will serve to illuminate some of the

_:D. _OTE: Mr. McGregor is with ARO Incorporated, Ttfllahoma, Tennessee. The

research reported in this paper was sponsored by the U.S. Air Force under
contract AF 40(600)-1000.
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essential mechanisms giving rise to radiation in gas-dynamic-type plasmas and to
stir some interest in solving some of the remaining problems. The theme of the

paper will be better understood if it is defined as a review of the essential mech-
anisms giving rise to the radiation and an interpretation of some of the reported
measurements.

That spectroscopy is a very powerfu] diagnostic tool goes without question. As

an example of the power of a single measurement, the writer recently witnessed an
experiment in which a narrow portion of the spectrum from an enclosed helium
discharge was used as the single diagnostic tool. Only three spectral lines were
employed, the 5015 and 5047 /_ neutral atom lines and the 5411 /_ ionized line.
From a single photograph, the experimenter was determining the temperature in
three different ways, and the electron density or degree of ionization in two ways,
and from these measurements calculating the pressure of the gas within the dis-
charge chamber. One might question the validity of the interpretations being
made, or perhaps the constants being used, but certainly not the methods and
principles employed. The task remaining for the researcher on diagnostics is that
of perfecting the understanding of the measurements, and to that end this paper is
dedicated.

MODEL

In order to get at the points to be emphasized, a model of a flowing plasma

generator and the supersonic plasma stream which results will be considered. The
model will possess most of the characteristics to be discussed. The device to be
considered is normally called a "plasma jet" (3), which exhausts into a low pressure

ARGON ._
GAS INLET

TO VACUUM
PUMPING SYSTEM-----''''_

P-O.SMMHq H

NOTE:
A. INTENSECORE

B. LUMINOUS, HIGH VELOCITY STREAM

FIGURE 1. Apparatus schematic and plasma stream characteristics.
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test cell; the eijsential features of this derice are shown in Figure 1. B gas is forced 
through an electrical discharge between two electrodes, and energy is added to the 
gas in various forms. By far the greatest amount of energ>- is in the form of kinetic 
energy; however. some of the energy added goes into excitation with subsequent 
photon emission a t  prescribed wavelengths, and this is the energy to be used as a 
spectral diagnostic. tool. Still another portion of the energy goes into dissociating 
the molecules of the gas. and another goes into ionization of some of the atoms and 
produces the property which allows the gas stream that emerges from the discharge 
to be called a "plasma". 

In this apparatus. the electrode configuration has been illustrated as the 
"Gerdien" type (4), and this  configuration is used for these discussions. However, 
the basic premises of the discussion will be applicable also to the more complicated 
magneticallp-driven spinning arcs (5)  and also to the stationary arcs with their 
associated gas pumping action (6). The essentials of all such apparatus is that there 
is a region of electrical discharge with a gas flon-ing through it which receires 
kinetic and excitation energy. 

The region of most interest to the gas dynamicist is the gas stream after it 
leaves the discharge. At high pressure exit conditions. the definition of just where 
this separation between discharge and the field free gas stream takes place has 
caused some serious study and conjecture and is still a controrersial subject 
(7, 8). However. when the gas is expanded to a low pressure. a highly supersonic 
plume is formed which can. most times, be seen by the light emitted from it. A 
tvpical l o a  pressure stream from a plasma jet is shown in Figure 2. The stream 
appears to behave as an ordinary supersonic stream. with expected shock structure 
n-ell defined and boundaries clearly risible. 

FIGCTRE 2. Argon plasma jet expanding to P low pressure. 
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SPECTRAL MEASUREMENTS 

The measurements which can be made on the plasma source with the spectro- 
scope shall now be considered. The emission spectrum from any point in the stream 
provides a measurement of: 

(1) the wavelengths of the spectral lines emitted; 
( 2 )  the intensity of the spectral lines emitted; 
(3) the line intensity profile of the spectral lines emitted; and 
(4) the intensity of any continuum radiation that might be present. 

I f  a light source is now provided, the amount of radiation absorbed by the gas 
stream as a function of the wavelength can be measured. 

Typical spectrograms of the discharge region and the supersonic plume region of 
an argon plasma are shown in Figure 3. The wavelength range is from about 3500 
to 7000 Lk units. This spectrum was photographed with a grating instrument. A 
small portion of the spectrum is shown in Figure 4, which was obtained using a 
direct recording prism instrument with a photo-multiplier detector. These spectra 
will be considered later. 

N2 2nd Positive Bands / r A r a o n  Lines I-Exoanded Plume 

4158 8, 5400 A 
r c o n t i n u u m  Radiation 

FIGURE 3. Spectra of argon plasma jet. (Note: The spectra were taken with spherical 
gratings of different focal length.) 

The application of these measurements to diagnostics of conditions within the 
plasma stream involves the use of a great deal of physics. The measurements may 
be put into three classes of uses: (1) identification of species; ( 2 )  thermal proper- 
ties; and (3) phenomenological measurements. Application of these to the model 
suggested will be made in order to demonstrate what is believed to be the proper 
diagnostic attitude. 

IDENTIFICATION OF SPECIES 

The oldest use of spectroscopy is undoubtedly the identification of substances by 
the wavelengths of the spectral lines they emit. This was, indeed, the first use to 
which the spectrograph was put in the plasma diagnostics a t  AEDC (9). There was 
considerable concern about contamination of the gas stream with electrode 
material, as had been reported by other investigators using very high-energy arcs. 
Such contamination would have ill effects on the experiments which were to be of a 
very basic nature. The resulting spectra taken from the emission just a t  the orifice 
exit when the plasma jet was exhausting to atmospheric pressure, or into a low 
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FIGURE 4. Illustrative spectral data from an argon plasma.

pressure cell, showed that, for devices of the l0 to 60 kw range, no appreciable
contamination could be detected from the spectra. In fact, in argon, helium, and

nitrogen, no spectral lines other than those of the gases being used could be
identified. Other investigators reported like results for similar small plasma jets,
and, thus, assurance was given that the gases heated by this method could be
considered as adequate plasma sources for many laboratory gas dynamics

experiments.
Many other qualitative conclusions can be gained by merely examining the

wavelengths of the lines emitted. Thus, the appearance of both the nitrogen mole-
cular bands and the atomic lines in a nitrogen plasma is an indication of the
dissociation of the molecule (10). This type of interpretation has been used to
locate inner zones in a nitrogen plasma where dissociation is detectably present,
and thus to establish an isotherm if the dissociation is kno_x as a function of the

temperature. Another useful fact that can be obtained from the spectra is whether
ionization is present in any appreciable amount by the appearance of ionized lines.
Spectra taken of the discharge region in helium and argon exhibit many lines
attributable to the ionized species.



148 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

THERMAL PROPERTIES

The measurement of temperature is perhaps the most important task laid upon

the spectroscopist since the advent of the laboratory plasma. The relation of the

energy radiated by a gas to its temperature is a very old subject and one that has

been thoroughly explored in fields such as astrophysics. Only a brief summary of

the principles involved is presented because many writers have attempted to

assemble the details of these methods.
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FIGURE 5. Illustration of spectral line intensity distribution methods of temperature
measurement. Example data taken from reference (12) for an argon plasma jet.
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METHODS OF TEMPERATURE MEASUREMENT

Slmctral Line Intensity

The relation of the intensity of an atomic spectral line to the temperature is
given in Figure 5. Generally, methods using the intensity relation are employed
only for spectroscopically-thin sources--that is, where there is no appreciable
selfabsorption or induced emission and the equation reduces to the more simple
expression shown. At least four temperature-measuring techniques utilize this
equation. First, the absolute intensity of the line is measured by calibrating the
spectrograph with a source such as a tungsten ribbon filament lamp or a Kiel arc,
and since the constants are kno_, the temperature is calculated. The difficulty
here is the absolute intensity calibration. The problem is relieved somewhat by

E
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dl(x) oc.-_° En/kT

1 fR _. Uo e-
' I lr) - _ r _x2- r2 dx from Saha equation
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FIGURE 6. II|ustratio_ of peaking function method for measuring temperature; data
shown for an argon plasma jet using the 4158 _ line.
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taking the ratio of the intensities of two lines so that only a relative intensity cali-
bration at the two wavelengths is required (11). Further confidence is lent to the
latter method by using several lines and plotting log IU/vA,m versus E,; the slope
of the resulting straight line will be 1/kT as indicated in Figure 5. The data points
shown are typical of an argon discharge (12). The difficulty with this method is that
the transition probabilities, A,m , must be accurately known when actually very
few transition probabilities are known with precision. Still another method that is
applicable in some cases and avoids the necessity for calibration as well as know-
ledge of the transition probability is the "peaking function" method (13, 14, 15),
which is based on the fact that the intensity of any spectral line must reach a
maximum at some temperature, Tin, which can be calculated. The method is
illustrated in Figure 6 for a particular argon spectral line, and has been used by

30x103

I0

' 1.0 2.0 3.0

Radius, mm

I

! ,

l.O 2.0 3.0

lO 20 30x lO3

Temperature, OK

Ne - Electron Density
Ni - Ion Density
T -Temperature
Z - Effective Charge No.

FIGITRE 7. Illustration of peaking function method of temperature measurement using

continuum intensity; data shown for an argon plasma jet at 4150 A.



_t C G a E _ 0 R : _'pectroscopic Measure _ents in Plas_,s 151

many investigators on both plasma generators and stationary arcs. (The data sho_

were taken by the author and associates from the region just do_-nstream of the

orifice of an argon plasma jet (16) using the 4158 A line.)

Continuous Emission

Radiation that is continuous with frequency is emitted in plasmas by the

interaction of free electrons with nuclei and also by recombination. The formulas

governing the intensity of such radiation as functions of temperature are sho_Ta in

Figure 7 (16). Here, again, measurement of the absolute intensity at a single wave-

length provides a measurement of the temperature. However, uncertainties in the

constants and in the calibration make this method somewhat doubtful. Also, it is

not clear just how much of the radiation is due to free-bound and how much to

free-free transitions. The peaking-function method may be used here, too, and this

method seems more reliable where temperatures are large enough so that it can be

applied. The peaking function is illustrated for argon in Figure 7, where the data

were taken from the continuous emission adjacent to the 4158 _ line of argon used
for the data sho_m in Figure 6.

Molecular Band Distributions

The same basic formulas as given in Figure 5 are applicable to the vibrational

and rotational transitions which produce molecular band structure (17). Use of

such bands has been successful for a few molecules such as NO, CN, and the C 2

Swan bands, but the transition probabilities of only a few molecules are well

enough known. The advantage of using such a band is that no relative calibration

is usually required because of the small range of the spectrum covered. Dis-

advantages are that bands are generally very complicated and high resolution

instruments are required.

Planek-Kirehhoff Law

A method which has been used quite successfully for determining flame tempera-

tures in combustion has also been applied to plasmas. This method must be used in

a region of the spectrum where there is a large amount of absorption, but it has

been found useful only for wavelengths longer than about 8000 A. The method is

illustrated in Figure 8 (18). Measurement is made of the absolute intensity emitted

by a given section of plasma; then the percentage of absorption by the same

stream volume is measured and set equal to the emissivity via Kirchhoff's law

for radiators in equilibrium; temperature is then determined from the relation

Jb(T) =J/e where Jb is the blackbody radiation at a temperature T as determined

from Planek's formula. Some typical data are shown in Figure 8, also. The diffi-

cnlties with this method are that selfabsorption and temperature gradients are

difficult to take into account, and both these phenomena exist in plasma-jets.

Spectral Line Profile

The use of spectral line profiles, haft-widths, wing structure, and peak shifts

cannot be adequately considered here. We can only attempt to separate the

mechanisms giving rise to the phenomena in order to determine whether the method

gives a measure of the electron or gas temperature. Three different phenomena give

rise to line broadening of sufficient width for measurement purposes: Doppler

broadening, collisional broadening, and Stark broadening. The first, Doppler

broadening, is related to temperature in a quite normal way through the velocity
6+
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distribution of the radiating atoms and, thus, provides direct measurement of the

gas temperature through the relation shown in Figure 9. Unfortunately, the amount

of Doppler broadening is quite small (less than 0.1 X for most plasma applieations)

and is usually overshadowed in ionized gases by other mechanisms. Collisional

broadening is also very small at the densities currently encountered so that it is

not an important mechanism. The broadening caused by perturbing fields due to

the presence of electrons or ions near the radiating atom seems to be the chief

concern in plasmas. This is the Stark broadening which may take a variety of forms

that have been treated by many investigators. Curve fitting techniques, line haft-

widths, and the wavelength shift of the peak intensity are the three methods that

are used most for the measurements. Some formulas are given in Figure 9. The

Doppler - Ah 1/2 = 0. 72 x 10-6 h _ (Ref. 19)

AXI/2 -- al Ne2/3 (Linear Broadening Ref. 19)

_s "a2 11/6 Ne (Ouadratic Shift Ref. 19)

i I i I i I

1

1/2

0

-2 -1 _'o 1 2 3 4 5 6
FIGURE 9. Illustration of line profile and Hne shift methods of temperature measure-
ment.
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measurements are fairly insensitive to temperature but serve very well as a measure
of the electron density. Thus, to obtain a temperature, the electron density is put
into the Saha equations and temperature obtained in this way. [Many recent
articles exist on this subject, but for a good starting point, the reader is referred to
the work of H. Margenau (19).]

COMMON FACTOR IN ALL METHODS

It is not surprising, that in all the methods considered, a common denominator
can be found. This is the fact that the concept of a Maxwell-Boltzmann distribution
of some energy parameter has entered into each formula. It is only through such
most-probable distributions that a temperature is defined. For the spectral line
intensity formulas, the distribution was of the excited electronic states of the atom;
this distribution in turn was dependent upon the kinetic energy distribution of the

governing excitation collisions. For application of the peaking function method,
the additional requirement of chemical equilibrium was applied, which again was
dependent upon the energy distribution of the particle collision governing the
ionization of the atom. The governing collision can be identified fairly well for a

high density discharge. The frequency of electron-atom encounters is so much
greater than that of atom-atom collisions that it is clear that the electrons govern
the excitation and ionization in a discharge.

In the case of the continuous emission, the governing distribution is clearly the
free electron velocity distribution. For the molecular band intensity method, the
distribution of vibrational or rotational states is the prime factor relating to

temperature; but these in turn are maintained by collisional activity which again
brings us to a particle velocity distribution. The Planck-Kirchhoff method, how-
ever, departs from this pattern in that the underlying distribution function is of
the energy in harmonic oscillators. At first glance, this method would seem to
depend upon radiative equilibrium rather than any kinetic velocity distribution.
However, the equivalence of the method to the spectral line intensity distribution
is demonstrated in reference (18b).

The line profile method using the Doppler broadening is quite clearly related to
temperature through the velocity distribution of the emitting species. The Stark
effects, of course, are only slightly dependent upon the temperature, but the
relation to a Maxwell-Boltzmann energy distribution is obtained by going from
the electron density to temperature via the Saha equation, which, in turn, is

governed by an M-B distribution of the kinetic velocities of the colliding particles
which produce the ionizing reaction.

All this leads to the point of considering just what has been measured by the

various spectrographic methods. In each case the governing factor has been traced
to a kinetic velocity distribution. This is good because this is precisely what is

required: to measure the parameter T in the velocity distribution of the gas
particles, v2 exp ( - mv2/2kT). Two difficulties appear now which must be reckoned
with if the measurements are to be understood. First, is it true that the velocity
distribution of the particles governing the excitation and radiation processes is
Maxwellian? Second, even though the distribution is Maxwellian, does it have the
same parameter T as the gas particle velocity distribution whose parameter T is
being sought?

To the first question, it is highly unlikely that any of the kinetic energy distri-
butions would not be Maxwellian (1). Observation of electron velocity distributions
are almost always reported to be Maxwellian, even in fields where the strength is
several hundred volts per centimeter, except at very low pressures. Relaxation
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times for heavy particles may be somewhat longer but certainly no longer than a

micro-second. It is expected that the velocity distributions would be Maxwellian,

and this would also suggest that excited electronic, vibrational, and rotational

states should be distributed accordingly. It is also expected that chemical reactions

would behave in an equilibrium manner and at a temperature ascribed to the

velocity distribution of the particle governing the collision.

There is not so much confidence in the answer to the question of whether all

distributions can be described by the same temperature parameter. In order to

arrive at a meaningful answer, some actual data will be considered.

EXAMPLE OF MEASUREMENTS ON ARC PLASMA JET

Consider the plasma jet, being used as the model, exhausting into atmospheric

pressure. Certaiuly it is expected that all particle velocities, mean free paths, and

other particle kinetic properties will be distributed in a Maxwell-Boltzmann manner

at these high densities. The second question, that of the equahty of the electron

and gas temperatures, has been answered by some investigators by the following

argument:

The value of E/p (field strength in volts/era divided by the pressure in mm of

Hg) is much less than one--about 0.01, in fact. Therefore, elastic collisions are

dominant. At these pressures and field strengths, terminal velocity of the

electrons is reached in a very short space. Therefore, the energy gained by the

electrons between collisions is all given up as kinetic energy in the next

collision. Thus the equation

T,-- Tg M eE;_

T_ 8m _kT_

holds. If values of the constants for argon are substituted, it is found that

T_- Tg _<0.02T_, and thus it has been concluded that the gas temperature is

sufficiently close to the electron temperature so that a measure of T_ is

sufficient to define Tg. Now a measure of temperature by any of the spectro-

scopic methods on line intensities or the continuum radiation is clearly

dependent on the distribution of velocities in the tail of the distribution

function so that the measurement is considered a valid measure of T_ or T_.

Many investigators have made measurements of temperature spectroscopically

at positions just do_stream of the orifice in plasma jets. Most of the results gave

temperatures of 15,000 to 20,000°K at the center of the jet, tapered to 8000 to

10,000°K at the edges, and then dropped sharply to ambient. Although most

investigators who made simultaneous energy-balanee measurements found this

temperature to be smaller by a factor of 5 or so, the usual explanation was that

gradients in the boundary layer were so steep that if an average over all the mass

were taken, the average spectroscopic temperature would be equal to the

energy balance temperature. It is proposed that this may not be an adequate

interpretation.

In the measurement program in our laboratory, measurements of temperature

using the Fowler-Milne method were made, and results similar to those reported in

Figure 6 for an argon plasma using both the 4158 A line and the adjacent con-

tinuum radiation were obtained (16). Similar results were obtained for a nitrogen

plasma (20). An attempt to locate the stream boundary showed it to be almost

identical with the radiation boundary. Then, when an enthalpy calculation across

the stream was performed by using corrected values of enthalpy as a function of

temperature, it was found that the enthalpy differed by a large factor from the

kno_ energy input. The inescapable conclusion was then that T, _ Tg.
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FIGURE 10. Illustration of the blown-arc mechanism in plasma jets having the

Gerdien electrode configuration.

The above decision was somewhat altered by later work with probes which

showed that the arc was in reality a filament of discharge moving about over the

envelope at high frequency. See Figure l0 (7). This allowed two possible inter-

pretations. First, the discharge region could have consisted of an electron gas at a

much higher temperature than the heavy particles. Second, local thermodynamic

equilibrium could have existed but only over a very small volume at any one time,

so that Te -_ Tg locally but the average Tg was much lower than measured spectro-

scopically. Which interpretation to use will not be discussed here, but it must be

noted that this is a case where the spectroscopic methods gave correct results but.

the wrong answers.

1 I 1 I I I

Te_ ut _ " _ 2.4xlO34/E_2

-_-o o.5+/o.2_-u_--_-/

ut Electron Terminal Energy (f e)

U = Molecular Energy (fg)

E - Field Strength - v/cm

N = Molecular Densily - cm -3

I I

Ig = 300°K

T T I i L T
1.02 1._ 1.02 1.02 1. 1.02

Io I I I
lo.20 2 4 6 8 1049 2 4 6 s zo18 2 4 6 8 lo-17

E -- v cm 2
N

FIGURE ll. u,/U versus E/N for various gas energies; condition for electron terminal

energy to be reached. (Argon used for calculation.)
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LIMITATION OF E/p CRITERIA

This seems a good place also to discuss the reasoning leading to the above con-

clusion that Te = Tg merely from the E/p criteria and the equation. A re-examination

of that criteria (20) reveals that the original treatment did not consider the flow of

gas through the tube but dealt only with closed discharge tubes. Also, the mech-

anism of energy loss to the apparatus was not considered since the principle concern

at that time was with measurements on electron behavior. Two results of such a re-

examination are shown in Figures 11 and 12, where argon gas has been taken as the

test gas. In the first, it is shown that the approach of Te to Tg is a function not

only of E/N, where N is the particle density per cm 3, but also of Tg itself which is

governed either by energy transfer to the walls of a container or by flow of the gas

through the discharge. Thus, at a normal field strength of 20 volts/cm and a

density of l0 _9 per cm 3, Te/Tg __ 2. The other facet of this re-examination introduces

the dwell time of the heavy particles in the discharge for gases that flow through

the discharge freely or are forced through. Shown in Figure 12 is a plot of the

approach of Tg to T_ as the gas flows through the discharge and also a plot of

the time necessary for T_=O.98T_ as a function of the pressure. For example, at a

pressure of one atmosphere, the time required is about 11 psec. A gas flowing at

1.0
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0.6X
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N

fL °-4o
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I I I ÷
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t

"1:

FIGURE 12a. (U-- Uo)/(U_- Uo) versus t/-r, showing the approach of the molecular

energy toward the electron energy when the molecule either enters the discharge by
convection or is forced through by a pressure field.
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Mach 0.9 through a 1-inch-long orifice would remain in the discharge for about
20 _sec, and almost complete heating would be expected. However, the Gerdien

arc, with its blown, high-frequency arc channels, does not comply with the
idealized 1-inch-long discharge considered in reference (20). The point is this: that
most of the arc discharges being used are on the borderline insofar as the
theoretical prediction of T e= Tg is concerned and that some of the more exotic
forms of electrode configuration simply do not provide enough dwell time of the

heavy particle in the discharge. Therefore, on such devices one would expect the
spectroscopic temperature to be the electron temperature, and a closer look would
be required in order to say how T e differed from the gas tcmperaturc.

VALID MEASUREMENTS

The results and interpretations given above for tile blown arc configuration are
not, of course, always encountered. In many cases reported, references (11) and
(18), for example, the spectroscopic measurements of the temperature of atmos-
pheric jets seemed quite reasonable and agreed with expected temperatures from
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energy-balance considerations. Closer examination showed that these measurements

were made under low flow operating conditions where the are was not blown out-

side the nozzle. This mode of operation is sometimes referred to as the "laminar

mode". Thus, it appears that the prime consideration of the experimenter should

be to know something of the plasma region being measured except that it radiates

light. If the region contains a part of the discharge, then caution is in order; if it is

the field-flee region, then (barring a case to be presented in the next section) good
measurements can be obtained.

PHENOMENOLOGICAL MEASUREME_'FS

The spectrograph has always been employed to study occurrences in nature by a

sort of detective pattern, particularly by the chemist. A rare opportunity has

recently come to light in working with low-pressure plasma plumes. Perhaps first

the dilemma of the visibly-radiating, low-pressure plume should be explained.

Considering the plume sho_zl in Figure 2, suppose the temperature at the exit is

of the order of 5000°K, then the static temperature in the expanded plume will

range from some 300 ° t_) 500°K upstream of the normal shock to some 1200 ° to

1500°K downstream of the shock. Both of these temperature ranges are much too

low to produce thermal radiation from the argon gas. Furthermore, the lifetimes of

the excited states are of the order of 10- _ t_) 10 - v seconds so that any excitation in

the arc region would radiate within about a millimeter. If recombination were the

exciting mechanism, some continuum radiation would be expected. This does not

occur, as shown in Figures 3 and 4. Also, recombination rates are such that any

recombination in argon would be expected to occur well downstream. Electron

excitation is ruled out because of the low electron temperature measured with

Langmuir probes. Therefore, the source of the radiation was at first a mystery.

MECHANISM OF RADIATION

Dr. John Dicks suggested that the radiation might be the result of metastable

atoms that are excited in the arc region, proceed downstream, and then are further

excited by collisions and radiate to the ground state (21). Spectrographic studies to

determine ff this hypothesis was indeed true led L. E. Brewer of ARO, Incorporated,
into some quite interesting phenomenological evidence (22, _J). It. was discovered

that the metastables were responsible for the radiation by noting the behavior of

the stream under a series of quenching experiments. It was found, for example,

that the addition of a small amount of hydrogen to the ceil would effectively quench

the radiating stream, whereas helium had little effect upon it. The key experiment

was perhaps the selective excitation of the nitrogen molecule which was mixed with

the stream from the ambient gases. It was found that the second positive N2

band always appeared in the spectrum, while bands originating from levels higher

than about 11.75 volts just did not appear. Figure 13 illustrates that this phenom-

enon is almost perfectly explicable in the light of excitation by collisions with the

metastable argon. Many other interesting excitation processes, such as production

of the CO + comet taft system when C02 was added, were observed.

The importance of this carrier of metastable atoms into a field-free region where

reactions with various molecules can be observed is just now being realized. Other

experimenters working at the University of Texas (24) have recently reported on

similar phenomena, using apparatus which is excited initially by RF energy.

Previous investigations of this kind have been confined to short-lived afterglow

apparatus in which the measurements had to be made in about 0.1 _see. Here the
6*
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FIGURE 13. Partial energy level diagram of N 2 illustrating the selective excitation of
the second positive system by collisions with argon metastables.

plasma stream might be termed a "continuous afterglow", spread out in time by
the flow process. Some worthwhile fundamental work using this apparatus is
anticipated.

MECHANISM OF EXCITATION

The next question that arose was the mechanism of the excitation of the
metastable argon, since radiation from levels as much as 3.5 eV above the meta-
stable level was detected. Three possible sources were suggested: electrons, photons,
or thermal collisions. The first was ruled out because of the low density. The second
was considered unlikely but possible. The third was intuitively discarded at first
because of the very low temperatures. In investigating the latter mechanism, a
new way of writing the distribution function for excited states was tried (25). Two
distributions were written, one with ground level at zero and the other with
ground level at the metastable energy. These were then summed to give a new
distribution function. The results were quite surprising. For example, if the density
of metastables is taken as the value that would be excited at the 15,000°K electron

temperature measured in the discharge, and if the gas temperature is assumed to
be 5000°K, the population of excited states is altered by several orders of magni-
tude. In this case, the number of metastables would be only 0.0009_/o of the total

particle density. This is shown by the two distributions in Figure 14. Although this
calculation seems a bit fictitious upon first glance it does indicate the tremendous
effect that a few metastables can have. The effect is also seen by the illustrative
energy distribution shown in Figure 15. Here the kinetic energy of the colliding
particles is shown, and the excitation energies of the argon levels are drawn in.



_tCGREGOR:Spectroscopic M ecsure _ents in Pla._mas 161

10-9

Nn [bo Nm _]
= 1 _ + Nm exp(Emlkl gn exp(-EnlkD

_-o N_-o

No,Nm, Nn = NumberDensity of gnd. State, MetastableandExcitedAtoms

Uo,Um = Partition Function of gnd. StateandMetastableAtoms

Era,En = Energyof Metastableand ExcitedLevels

gn = Statistical Weight
k = Boltzmann Constant

T = Temperature

10-10

DISTRIBUTION,

T- 5000°K (Nm/No" 9x 10-6)

lO-6

10-11 10-7

10-12

Nn/No

10-8

lO-13 lO-9

Nn/N o

10-14 10-10

10-15

10-16
80 90 I00 ii0 120 130 140CM"I

En x 10-3

FIGURE 14. Energy state distributions for argon showing influence of metastable
states.



162 PHYSICO-CHEMICAL DIAGI_OSTICS OF PLASMAS

_w

laAal alqeiselaw

OOI x

-_ o_

-_ = . 2
_ _o "r_

- _,I -_

_] c_ c5 c5 ¢:_ c5 _" c_ c5 c5

_lOl x I x

801XlX

f
_IXlX

000 _)I x

Z

=.

ea S

0

°_

N

N

r_

N _



._iCCREGOR: Spectroscopic Meaxure_ents in Plasr_as 163

At the far right, the normal excitation by collisions is illustrated. At the left, the
energy required to excite a metastable level to a higher level is sho_, and the
tremendous difference in the number of such possible collisions is graphically
portrayed.

TEMPERATURE MEASUREMENT

Another unexpected result of this analysis was that the character of the ex-

ponential distribution was retained (see the equation in Figure 14). This suggested
a closer examination of the spectrum of the expanded plume to see if the distribu-
tion was actually retained. Successful verification would not only provide con-
fidence in the principle used but would also provide a temperature measurement.
Preliminary results from such measurements do indeed veri_, that an exponential
distribution of excited states exists and, in addition, the temperatures so measured
agree favorably with calculated values from energy balance and aerodynamic
calculations. It remains for more data to be obtained so as to verify unquestionably
these preliminary measurements.

CONCLUDING REMARKS

To summarize briefly the remarks on temperature measurement by spectro-
scopy, the methods which use the spectral hne intensity or the continuum intensity
formulas may be used to obtain a measurement of the excitation temperature of
plasmas which are employed for gas dynamic purposes. However, in order to relate
the excitation temperature to gas temperature it is necessary to know the mech-
anism of excitation. In arc discharge regions, excitation is almost always a result of
electron-atom collisions, and thus the measured temperature is the electron
temperature. Then other methods or analyses are required in order to ascertain if
the gas temperature and electron temperature are the same. In low pressure,
field-free regions where metastable atoms are the chief contributors to the radia-
tion, absolute intensity measurements mean little unless the formulas are modified
in the manner discussed. However, it has been shown that a relative line intensity
method is valid for the higher excited levels.

For gases containing molecules which have a band structure that is relatively
simple, the individual lines within the band are excited for the most part by mole-
cule-molecule collisions so that they provide quite a good thermometer. Unfor-
tunately, most of the molecules which can be used are impurities, such as CN or C2,
or are formed under mysterious circumstances, such as :NO, so that they are not of
as much use as would be thought.

The practice of using impurity metallic lines is considered by this author to be
somewhat open to question because of the proper mixing and vaporization.
Insertion of slight impurities of a vaporable metal is better but still frowned upon.
After all, one purpose of the gas dynamics facility is to provide a non-contaminated
gas stream. Then, too, it just does not seem quite right to use radiation other than
from one of the molecules present in the test gas.

The methods employing Planck's energy distribution and Kirchhoff's laws seem
to give adequate results, but the dependence upon wavelength does not seem to be
fully explained. Another concern is with the gradient across the stream and the
complicated way in which this affects the absorption. The restriction to infrared
wavelengths is not necessarily a problem but one which needs more study.

The methods which employ Stark broadening and shift of spectral lines are very
good tools for high-temperature plasmas. The wealth of literature on this subject
attests to its value. However, at lower temperatures--3000 ° to 15,000°K the
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methods are not generally applicable because of the instrument resolution problem

and the overlapping of several broadening processes. Doppler broadening, which

seems a very good technique conceptually, also suffers from the overlapping

problem, particularly by pressure broadening as the pressures of plasma jets are

continually pushed upward. Unfortunately, pressure broadening is not well

enough defined that measurement techniques can be based upon it at present.

These methods then would seem to require more study before they can be put to

work for arc-heated plasmas.

The material presented in this paper has not been aimed primarily at introducing

new methods or data for the diagnostics of plasmas. Rather, the theme has been

that of stressing the importance of proper interpretation of the results of spectral

measurements. Two concepts have been presented that are of most significance.

First, seemingly good temperature measurements using spectroscopic data, even

by two or three methods, should not be accepted without critical review of the

physical situation. Second, metastable states, which occur in all but single electron

atoms, play an important role in the radiative emission process. Still, the spectro-

scopic methods of diagnostics are the most powerful at our disposal for the

understanding of plasmas.
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One of the promising techniques for investigating plasma processes is the

monitoring, on a time-resolved basis, of their radiation by spectroscopic and

photographic means. It is the purpose of this paper to describe a preliminary

experimental program designed to reveal, principally by submicrosecond-resolved

emission spectroscopy, the types of specie excitation and induced chemical reactions

created by a hypersonically-driven arc discharge in initially quiescent, low-pressure,

elemental gases and detonable mixtures. In this case, the arc discharge is the

plasma source.
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Time-resolved emission spectroscopy has been used to analyze

electro-magnetically driven plasmas created by arc discharges in

quiescent, low-pressure elemental gases and detonable mixtures. The

electrical energy was supplied by an R-L-C circuit in the form of an

8-_sec pulse. Stainless steel electrodes with a hyperbolic contour,

mounted in parallel within a cylindrical discharge chamber, created a

constant-area flow channel in which wave speeds between 8,000 and

25,000 fl/sec were recorded.

The relative excitation of hydrogen Balmer lines, the long decay

time of the 5876 A helium emission line, and the time variation of

molecular-oxygen ion emission are typical data presented (and related

to the arc-discharge-current waveform). Also presented is the emission

spectrum from a stoichiometric hydrogen-oxygen mixture.

Radiation from the H 2 + ½02 mixture with an initial pressure

between 1 and 11 mm Hg (absolute) includes the 5126/_ band attrib-

uted to OH. This data indicates that it is likely that an exothermic

chemical reaction proceeds within the order of 1 _sec downstream of the

driven hypersonic-wave .field. It is believed that the reaction mechanism

can be partially attributed to photochemical processes caused by

ultraviolet radiative transfer from the intensely luminous plasma in

the arc region.

INTRODUCTION

A current part of the national space program is the effort to develop plasma
devices for the primary propulsion of aerospace vehicles or the position and

attitude control of artificial satellites. Knowledge of the composition and energy
partition of plasmas used by these devices can lead to optimum designs and
encourage more widespread application of these devices, including applications
within the earth's atmosphere (1, 2).

ED. NOTE: Mr. Foreman and Mr. Levy are at the Republic Aviation Corporation,
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DESCRIPTION OF EXPERIMENT APPARATUS

TEST STAND

The test stand has provisions for six low-inductance capacitors arranged in

parallel around a centrally-located discharge chamber. The capacitors are attached

by an equal number of tabs radiating out from two collector plates (see Figure I).

These plates are separated by a 0.036-inch-thick, natural-rubber insulator that can

withstand 10,000 volts.

The vacuum chamber and gas-fired switch are centrally located immediately

above the collector plates. The electrode holder plates can accommodate 8-inch

diameter electrodes and are separated by a dielectric spacer made of Alumina,

fused quartz, or Mykroy. The attachment of the dielectric spacer to the perimeter

of the metal electrode holders has been successfully achieved with epoxy cement.

The gas-breakdown electrical switch is ignited by a pulse of nitrogen gas into

an initially evacuated chamber that stands off an impressed voltage. As the in-

jected gas fills the switch chamber, the pressure increases until electrical break-

dou_ occurs. Several resistive-paint stripes having a total resistance of 250,000

ohms are located along the dielectric spa, cer and electrically connect the upper and

lower electrode holders to make them, initially, of equal potential. This arrange-

ment permits the s_iteh to be fired but limits current flow to milliamperes so that

an arc discharge is provided in the reaction-chamber gas. Three-inch-long quartz

windows ha the electrodes and electrode holders permit monitoring with optical

diagnostic devices.

The cylindrical, stainless-steel electrodes mounted in the chamber have a

hyperbolic contour over the outer third of their discharge surface to present,

essentially, a constant-area flow channel for the first 1.3 inches of radial travel

inward from the periphery. Thereafter, the channel area decreases. Figure 2

shows two photographs of the test stand equipment.

With five capacitors rated at a nominal 6 t_f each, a transient, damped-current

waveform with an initial peak at 1.8 t_sec was produced. The other circuit para-

meters were computed from ringing-test data using Rogowski-coil pickups with
L=4.4×10 -8 h and R=5×10 -3 ohms. The addition of a 0.10-ohm Niehrome

resistance strip to each branch of the circuit produced a total circuit resistance of

2.5 × l0 -2 ohms and theoretically attenuated the current to less than 0.1 of the

maximum amplitude within 1.5 cycles. The initial rate of rise of current was about

3 × 10 _° amp/sec, and current amplitude was related to initial capacitor voltage in

the ratio of 16,000 amp/kV. Recorded current traces indicated essentially zero

current after 8/_sec.

PHOTOMULTIPLIER RECORDING

A Leiss, single-prism monochromator was used in conjunction with a photo-

multiplier tube for observation of the emission radiation from the plasma and its

flow field. Figure 3 is a schematic diagram of the experimental apparatus and

their relative positions. The light transmitted through the quartz window covering

slit A on top of the cylindrical discharge chamber is reflected by mirror C. The

image of slit A is formed perpendicular to the monochromator entrance slit S E.

(This arrangement permits observation of that particular part of the plasma flow

field where the slit S s intersects the slit-A image.) The light received at slit S_ is

then dispersed in the monochromator by a quartz prism. The beam that passes

through the eidt slit S_ fans on the photoeathode of a DuMont 6467 photomultiplier

tube, the output of which is displayed as a transient trace on a Tectronix 551
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FIGURE 2a. Overall view of research test stand with spectroscopic analysis equipment 
in place. 

FIGURE 2b. View of research test stand seen from monochromator position. 

oscilloscope and is recorded with a Polaroid camera. The photomultiplier tube has 
an S-11 response, a useful range between 3600 and 6000 A, and a peak response 
near 4400 A. The spectral range of the monochromator is 200 mp to 20 p. 
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FIGLXE 3. Schematic diagram of equipment. 

The photomultiplier detector nas operated at  a suppl- voltage of 1800 V, and 
the output voltage was in the linear region of response. thw making i t  possible to  
compare relative intensities of emission lines after correcting for the spectral 
response of the photoninltiplier and the transmission of the quartz prism. The 
photonniltiplier circuit contained a .%-ohm output impedance to  match the 
impedance of the nnterniinated coaxial line. Extraneous electrical noise signals 
n ere eliminated for all practical purposes by shielded enclosures around the 
~~hotomultiplier and its connecting cables and. additionally, by having the 
photomultiplier about 4 feet from the discharge device. 

PHOTOGR-4PHIC RECORDISG 
-1 Spencer hpectroiiieter (niade by American Optical) n as used for obtaining 

time-integrated plioto~raphs of a wide field of the discharge spectrum. This 
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instrument has a focal length of 162.5 mm, an aperture of 25.4 mm, and a relative 
speed of .f/6.4. The accessory camera supplied with this instrument was modified 
to accept a Polaroid film holder and was used to  record the emission radiation on 
Polaroid ASA-3000 speed film. 

The positioning of the entrance slit of the Spencer spectrometer was identical to  
the relative positioning of the entrance slit of the Leiss monochromator as shown 
in Figure 3. The entrance slit of the Spencer spectrometer was not calibrated SO 



w- 
R + 

that it is nut linon-n exactly 1% hat size opening.: were used when photographing 
emission spectra. hut it 1.: known that they were of the order of 0 5 rum. It should 
be noted that despite the u ide slit opening u+ed. the f i G  4 speed of the instrument. 
and the ASA-BOOO speed of the film. it n a s  necessary to  obtain about 15 superim- 
posed discharge image.: (see Figure 1) to obtain a good photogaph for any particular 
set of conditions. The discharge lasted for a period of about 8 p e c ,  but some 
emission lines or hands periisted for a longer period of time. 
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EXPERIMENTAL PROGRAM

Preliminary to the spectroscopic observations, a high-speed, rotating-mirror

camera was used to obtain streak pictures on black and white and color film. These

pictures, typified by those of Figure 5, were an aid in guiding the interpretation of

the spectroscopic data. The streak pictures, taken through an observation slot in

the upper electrode, display the nature of the imploding hypersonic waves driven

by the accelerated plasma. The intense white illumination created by the initial arc

discharge changes, in the H 2 + ½02 mixture, to a cherry red leading edge and deep

red flow field after the 8-/xsec current pulse is extinguished. It is particularly

noteworthy that a much less intense region of green and deep blue light can be

seen ahead of the flow field, beginning almost at the very onset of the plasma

formation and persisting for several microseconds.

The test procedure consisted of obtaining a spectrophotograph of a major

portion of the discharge spectrum in the test gas mixture and identifying the

emission lines and bands present. Lines or bands of interest subsequently were

investigated by means of photomultiplicr time-resolved observations. This data

then was related to the streak photographs.

The OH emission-band head at 5126 _ (3, 4) was investigated with particular

care. This band head occurs in a part of the spectrum that is relatively clear of H 2

and 02 emission and, therefore, can be isolated with comparative ease. In the

systematic identification procedure for this particular band, discharges were

induced in different nonreacting gases to find other possible contributions of

emission near the OH wavelength. Discharges in He revealed a small contribution

from metallic elements, such as Fe, Ni, and Cr, which were, presumably, from the

stainless-steel electrodes. Discharges in 02 produced spectra of the metallic oxides,

such as FeO, NiO, and CrO, as well as the 02 bands and lines. Pure H 2 also was

used for the discharges, and its Balmer series lines and molecular bands were

observed. At times, the nonreacting mixture He + ½02 was substituted for H 2 + ½02

as a further check on the correct identification of the OH spectra.

The dependence of certain spectra on pressure and voltage was studied, along

with their time-resolved characteristics. It was found possible to distinguish

between two emission spectra occurring at nearly the same wavelength by means

of the distinct behavior of their time-resolved characteristics with variation of

initial pressure or voltage. Precautions were taken during these experiments to

maintain the quality of the data. The discharge chamber was filled with fresh gas

before every discharge and was evacuated to about 10/_ after each discharge to

prepare it for the next filling. The detonable (2H 2 + 02) mixtures were carefully

mixed and were not used for a period of time, usually of the order of weeks, to

insure complete diffusion of the component gases into each other.

The reaction chamber was filled with test gas to within _+5 per cent of the

desired pressure. Prior to initiating a discharge, the capacitor voltage was recorded

to within _+2 per cent. Electrical discharge usually was initiated within one
minute after the reaction chamber was filled.

Most of the discharge observations were made at about the mid-radius of the 8-inch-

diameter reaction chamber. At this position, the imploding hypersonic wave is well

developed and starting to enter a converging channel. Some check observations

were made near the periphery of the chamber where the plasma is first formed.

All the dual-beam, oscilloscope-trace photographs display, simultaneously, the

photomultiplier output signal on the upper beam and the discharge-current signal

(integrated Rogowski-coil output) on the lower beam. The current signal triggers

the oscilloscope sweep.



EXPERDIESTAL RESULTS 

l'hotoniiiltiplier readout traces of the H?. H,. and H, emis4on lines are included 
in Figure 6 The relation of thiq radiation to  the transient current Jfaveform 
governing the discharge in the molecular hydrogen also is shon-n. These three 

IN IT IAL  P R E S S U R E  

I r n m  Hg 

INIT-I AL 

x -  
4110%*32 % (4 I 0 I A) 

UPPER TRACE - PHOTOMULTIPLIER OUTPUT 
LOWER TRACE - DISCHARGE CURRENT 

FIGCRE 6. Time-resolved spectra of three Balmer series lines for electrical discharges in 
hydrogen. 

Balmer (atomic hydrogen) lines display relative amplitudes similar to  those in 
reference intensity tables (5 ) .  for example. but in thiq case the detectable emission 
persists about 6 p e e  after the cessation of current. 

ere observed 
for a similar arc discharge pulse into 0,. -4 t>+cal set of oscilloscope traces iq 
presented in Figure 7 for wrioii, initial-pressiire and  capacitor-voltage conditions 

Several emission hands identified with moleciilar-oxygen ions 



176 P H Y S I C O - C H E M I C A L  D I A C l N O S T l C S  O F  P L A S M A S  

x=4150;? 20(0;2nd Negat ive)  
SLIT  W I D T H - 0 . 0 5 m  m IN  I T I  A L PRESSURE 

I N I T I A L  
VOLTAGE 

4000 V 1 
0.5 v T  

1 
3 0 0 0 V  o.ivf 

0 . 5 m  m H g  

1_ 

0.5 v If 

I . O m m  Hg 

UPPER TRACE - PHOTOMULTIPLIER OUTPUT 

A 
0.5 v If 

LOWER TRACE - DISCHARCE CURRENT 

FIGURE 7. Time-resolved spectral characteristics of electrical discharges in oxygen. 

a t  a spectral location associated with the second-negative, oxygen-ion band. The 
profound effect of these relatively small perturbations in initial test conditions is 
apparent from the large changes in amplitude. 

The discharge in He produces excitation of the 5876 A line. The spectral profile 
of this radiation is recorded in Figure 8 as a function of time. This emission persists 
considerably longer (170 p e c )  than the current pulse. The 3880 A He line was 
found not to be excited. Other explorations of He discharges in spectral regions 
where no He lines are expected indicated that, for initial pressures less than 1 mm 
Hg (absolute) electrode elements (metallic) produced significant background 
radiation. For pressures greater than about 1 mm Hg (absolute) this radiation 
appeared to be suppressed. 

The observations described were made a t  a position where the imploding dis- 
charge (luminous front) would have had to travel a t  least to the midradius of the 
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FIGURE 8. Time-resolved spectra rima HI. 6876 -4 line resulting from electrical 
discharges in helium. 

diwlinrpe chamtx~.  \t-lieii H, or H r  n a\ wed. the photomultiplier trace of the 
radiation diy)layed a del~enctence on initial capacitor voltage and gas pressure. 
\x Iierea.: n itli 0, tlirrr csisted no snch n e l l - b e h a ~ d  relationship to discharge 
voltage or gas prwiure. Thi. i< an indication reinforced by streak photographs- 
that the p la~i~in  formed in t l i r  0, probably i.; irregular and asymmetric. Fiirther- 
niore. n it11 0,. the liiminous n a w  front did not always proceed across the point of 
obsermtion. T111, re.ultet1 in poor overall reprodncihi1it~- of emission intensity 
ilnder othern ise itlentical initial conditions of discharge. Khen 0, emission spectra 
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IN IT IAL  PRESSURE 
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FIGURE 9. Time-resolved spectra of electrical discharges in a stoichiometric hydrogen- 
oxygen mixture. 

were monitored in mixtures containing H, or He, a more reproducible condition 
existed (for example, see Figure 9), presumably as a result of the stabilization of 
more symmetric plasma cylinders. 

A comparison of spectra from discharges in He, H, + io,, and H, under similar 
test conditions is given by Figure 10. The discharge in He indicates that there is a 
negligible metallic background emission in the 5100-5200 A bandwidth, but, in H,, 
there is a very small amount of emission by electronic bands. The emission obtained 
for discharges in H, +to,, however, is significantly large, which strongly suggests 
that the radiation is the OH band originating a t  5126 A (3, 4). 

Further comparisons with data of Figure 11 tend to reinforce this view. Monitor- 
ing emission in the 5120-5220 A range resulting from electrical discharges in three 
different gas compositions (O,, H, + 40,, and He + 40,) but keeping the partial 
pressure of 0, the same, there is significantly greater intensity from the H, + 40, 
mixture than from the other two, this, again, can be attributed to the OH emission 
band. A profile survey of this radiation indicates it to be some 80 to 100 A wide 
and degraded toward the red, which is in agreement with the observation of the 
discoverers (6) of this visible spectrum of OH. 

Corroboration of the photomultiplier data was obtained by time-integrated, 



n-ide-spectra pictures. using the Spencer spectrograph. preriously shonii by 
Figure 4. A comparison of spectra for different initial gases shons that tno-band 
systems obtained with the H, + io2 mixture cannot othernise be identified n it11 
radiation from hydrogen or oxygen specie..: one i s  at (approsimatel-) 5116 and 
the other. of much less intensity, is between the 5160 and si90 ,% mercury lines 
used for calibration. The former one (51% -4) we attribute to the OH (0. 7 )  
emission hand as a conseqiienct of oiir more detailed study; the latter is similar to  
the transition of the OH. eitlitr (0. P) or (1. 9). radical shonii b -  Herman ef 07. (3). 
but n c have not iiire4pated it fiirtlier at  this time. 
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The data discussed so far were obtained uith reactant mixtures a t  pressures 
between 1 and 3 mm Hg (absolute). Tests also were conducted, however, with 
reactant pressures up to 11 mm Hg (absolute) and down to 0.2 mm Hg (absolute). 
With an initial capacitor potential of 4500 V (corresponding to  a peak current of 
72,000 amp), i t  was determined (see Figure 12) that electrical discharges into 
mixtures a t  2 4  mm Hg (absolute) produced the largest peak-amplitude signal for 
radiation a t  5210 fi  40. For reactant pressure greater than 6 mm Hg, the peak 
amplitude was reduced to about 70 per cent of the 2 4  mm Hg pressure-range 
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iignal. .4t all preswres except 3 111111 Hg. the pcak amplitucie occurred a t  2 p e c  
after current initiation; for the exception, it occurred at 2.6 psec. For these times. 
the streak pictures indicate the di5cliarge to  be about 1 inch a m y  from the 
position being monitored 1,- the spectrograph. Further. this occiirs from 0.2 to  
0.8 p e r  after the initial peak of the discharge current. 

Going to tlw Ion er reactant pressure range indicated the apparent existence of an 
excitation tlire4iold at  1 nim Hg because i n  no case was a significant radiation 
hignal olwrrcd a t  Ion er 1wewires. Fiirtliermore, this threiliold appears to be very 
critical. a redurtion of h i t  0.05 mni Hg initial prrsriire from this level reduced the 
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photomultiplier signal trace to about 5 per cent of its higher-pressure peak

amplitude.

DISCUSSION

PLASMA PROPERTIES AND PRECURSOR EFFECTS

The work reported here represents an interplay of plasma radiation and low-

pressure chemical reactions. Considering the former, although no explicit quanti-

tative data were obtained on the thermodynamic state of the plasma, sufficient

accelerator similarities with those of McLean et al. (7) exist to warrant adoption of

their treatment for estimating plasma temperature. This treatment assumes a

pre-excitation of the gas downstream of the plasma by a radiation precursor.

Thus, assuming that the gas ahead of the driven hypersonic wave lacks internal

degrees of freedom (i.e., letting imv2=kT), the plasma temperature may be

estimated from the measured wave velocity by using strong-shock equations (7).

In the experiments considered here, the wave velocities, computed from the

streak photographs (Figure 5, for example), vary from 0.36 cm/tLsec for a capacitor-

stored energy of 60 joules to 0.72 cm//zsec for 300 joules. The estimated temperature

of the driven plasma, therefore, ranges from 11,000 to 43,000°K. These values are

consistent with considerations of the stored energy and species observed.

The acceptance of the pre-excitation theory permits the consideration of a local

thermodynamic equilibrium (LTE) condition behind the wave front in shorter

times than are associated with the decay of the plasma. That is, the kinetic cross

sections of the excited gas atoms are so large that kinetic equilibrium is attained

in a negligible time period. Ionization by atom-atom collisions also will be ex-

tremely rapid because of the reduced ionization-energy requirements of these

already excited atoms. Electrons assume Maxwellian distribution in typical times
of 10-10 to 10-13 seconds and relax with the atom-ion distribution in times of the

order of the electron-ion scattering time. The electromagnetically accelerated

plasma (produced by the arc discharge) acts, then, as a thermal light source.

The pre-excitation of the "cold" gas ahead of the electromagnetically driven

hypersonic wave can be explained as being caused by absorption of vacuum

ultraviolet radiation originating in the plasma region. These photons dissociate

molecular species and raise atoms to excited states as found for H 2 (8) or pre-ionized

"cold" gas atoms as was the case for He (9) or Argon (10).

Under certain conditions, electron diffusion ahead of the shock front can play a

role in the pre-excitation process (11). A fllrther possible effect in apparatus in

which electrodes form the flow channel and high initial voltages are applied is the

superposition of a low-current (10 -3 amp, for example) glow discharge over the

entire channel simultaneous with the localized formation of a high current-density

arc. The glow electrons, traveling across the electrode gap well downstream of the

plasma-driven wave, collide with ground-state or excited species to create conditions

similar to the precursor effect.

These precursor effects are not too well understood; each type of experimental

setup has to be investigated separately to determine the predominant mechanisms

of pre-excitation and ionization of the "cold" gas as well as the state of the plasma.

For electromagnetically driven shock waves, precursor "conditioning" of the

"cold" gas appears to promote, in some experimental apparatus, rapid kinetic

equilibration behind the shock front and results in higher excitation temperature

than ordinarily would be predicted by strong-shock theory. Current work indicates

that these precursors also promote very fast reactions in chemically reacting

mixtures both ahead of and behind the shock-front/plasma complex.
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QUALITATIVE ANALYSIS: ELEMENTAL GASES

The relative intensities of the Balmer-series lines of H 2 observed (Hy, H_, He)

appear consistent with an equilibrium condition. (See Figure 6.) The time-inte-

grated photograph of the H2 discharge spectrum (Figure 4), however, although

exhibiting the H_ line_, does not show the H_ line that one might expect to be of

the greatest intensity. Additionally, photographs of the He discharge spectrum

(Figure 4, for example) show the He 5876 A line but fail to disclose the He 3889 A

line, which should have the same intensity in an equilibrium condition. This

evidence supports the conclusion that an equilibrium distribution might not have

been established in our apparatus in spite of the apparent precursor conditioning

and excitation of the "cold" gas (see Figures 5 and 6) by photolytic or electron-

impact processes.

The strong emission identifiable with O_ (see Figure 9) downstream of the

discharge may be attributed to collisional processes with gl0w-discharge electrons.

Not excluded, however, is the possibility that strong emission in the vacuum

ultraviolet from the oxygen or oxy-hydrogen plasma could cause photoionization

of the molecule. Energy absorption of about 12.5 ev is necessary to ionize the

molecule, and this could be supplied by photons in the 1000 A portion of the

spectrum. The spectral quality of this radiation is produced by OI and H species

(Lyman spectra) in arc discharges (12). The exploratory scope of this research

program precludes a more quantitative analysis.

QUALITATIVE ANALYSIS: GAS MIXTURES

It long has been recognized (13, 14, 15) that irradiation of oxygen-hydrogen

mixtures by ultraviolet light affects its explosion limits and provokes rapid

reactions at very low pressures. These various investigators (13, 15) consider the

reaction process to be:

02+by---> 20 (1)

O+H2-+OH+H (2)

OH+H_ --> H20+H (3)

It is interesting that previous investigators have used the 3064-3090 A system of

OH almost exclusively for monitoring the reaction kinetics.

Photolysis of water vapor by ultraviolet radiation (16) has been examined and

shown to yield only small fractions of gaseous molecular-0xygen and hydrogen

products. All observations of the hydroxyl-band system at 5126 A (3, 4, 6), on the

other hand, have resulted from low-current glow discharges in low-pressure,
water-vapor environments. This excited state of the OH radical has been attrib-

uted to electronic dissociation of H20 and the subsequent recombination of

atomic hydrogen and excited atomic oxygen; the role of radiation absorption is
considered to be secondary (3).

It is significant that no other investigators have reported observing the green
emission bands of OH from a stoichiomctric mixture of the combustible reactants.

Furthermore, the advances in photomultiplier detection and recording since 1954
(15) have improved the temporal discrimination of this reaction by at least one

order of magnitude, so that we now can determine that the reaction proceeds

within less than 0.2 tzsec after the initiation of the arc discharge.

-_The Hy, Y[6, and H_ lines were observed with a photomultiplier detector but were not intense
enough to be photographed.

7+
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Tile maximum 5126/_ system emission was observed at 3 nml Hg initial pressure.

For this condition, the peak emission output is found to be proportional to the

peak discharge-current magnitude. Comparison with lower reactant pressure

indicates that the emission intensity is slightly less than proportional to initial

pressure, and, at the lower initial pressure, is not proportional to the current.

With this background data and the apparent reaction threshold at 1 mm Hg the

presence of OH is tentatively indicated as resulting from a primary photochemical

and a secondary electron-impact process. The former is due to precursor radiation

from the plasma and the latter is from the free electrons of the glow discharge.

Although it is possible to speculate on various reaction mechanisms and con-

current processes, it is preferable to defer more detailed discussion until additional

data from our continuing research program becomes available.

CONCLUSIONS

A preliminary emission spectrographic investigation has been conducted of

electromagnetically-driven hypersonic waves into elemental gases and detonable

mixtures. The role of precursor radiation from the plasma in affecting gas properties

significantly downstream of the plasma/shock-wave field has been observed.

The reported spectroscopic data does not support the conclusion of other

researchers that rapid, local kinetic equilibrium is promoted in the wave structure

as a result of precursor conditioning of the downstream gas. This evidence, how-

ever, is not viewed as being in conflict with other work, but, rather, emphasizes

the variation of plasma properties and excitation mechanisms between seemingly

similar plasma accelerators and the need for separate evaluation of the
characteristics of each device.

The rapid formation of an excited state of the OH radical, not observed in

flames, has been detected by emission in the 5126 A and 5534 __ band systems. This

radiation ahead of the plasma commences within 0.2 tzsec after initiation of the

electric arc discharge (plasma formation) and persists about 6/zsec after extinction

of the arc.

A reaction-product threshold has been observed for an initial pressure of 1 mm

Hg. Above this pressure level, a reproducible, positive indication is measured up to

at least II mm Hg, and the maximum radiation signal occurs at 3 mm Hg.

The nature of the present results, reflected against the background of previously

reported work, suggests that the OH formation mechanism is associated with

plasma precursor radiation excitation of the "cold" gas downstream of the

hypersonic wave front. This leads to very fast chemical reactions involving

energetic atoms, which produce OH radicals. Secondary electron-impact processes,

arising from a glow discharge along the entire flow channel concurrent with the

arc, probably combine with the initial photochemical one to excite the unusual Ott

radiation spectrum reported.
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10. Robert B. Spiers, Jr., and
Charles Husson: Development of
a Rocketborne Spectroradiometer
to Measure the Radiation

Environment of a Reentr_
Vehicle

__ A flight spectroradiometer has been developed for measuring the

ultraviolet and visible spectral steradiancy of the hot-gas plasma of a

supercircular velocity reentry vehicle. It has a spectral range from 2500

A to 6000 A and a dynamic range from 10 -7 to 10 -a watts/era 2-

steradian-micron. The experimental parameters and vehicle character-

istics affecting the spectroradiometer design is presented with a

description of the optical window, spectroradiometer design, and

calibration procedures. Finally, the flight performance is discussed.

INTRODUCTION

A flight spectroradiometer has been developed as a reentry payload sensor for

the Langley Research Center's Five-Stage Scout Reentry Project. The purpose of the

sensor is to measure the spectral and total intensity of the luminescent air in the

shock-induced flow field produced by the vehicle reentering the earth's atmosphere

at a velocity of approximately 28,000 ft/sec. At this velocity the radiative heat

transfer to a vehicle due to the luminescent air is insignificant compared to the

convective heat transfer. However, the magnitude of the hot-air radiation should

be great enough to detect and measure. Due to the absence of flight data of this

type, a radiative heat-transfer experiment was selected as one in a series of reentry

experiments to be performed. There are no flight-tested spectroradiometers for

use in such experiments, so the development and evaluation of a roeketborne

spectroradiometer was taken as an additional objective of the radiative

heat-transfer experiment.

The Scout vehicle used to perform these experiments is shown in Figure 1. For

the radiative heat-transfer experiment the vehicle is launched from Wallops

Island, Virginia, with a trajectory as sho_33 in Figure 2. After launch the vehicle

goes through a series of staging events which cause the fifth-stage payload to

reenter approximately 275 nautical miles south of Bermuda. A tracking station on

Bermuda and one on a ship records the reentry data in real time and delayed time.

ED. NOTE: Mr. Spiers and Mr. Husson are with the NASA Langley Research Center,
Langley Station, Hampton, Virginia.
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L 

FIGURE 1. Five-stage Scout rocket. 

The delayed-time data are provided by an on-board tape recorder in case radio 
blackout is experienced during the prinie data period. A telemeter transmitter in 
the fifth-stage payload transmits the data to the tracking stations. The payload 
shown in Figure 3 has a beryllium nose with an optical window on its axis to 
transfer the radiant energy to the spectroradiometer sensor. There the quantities 
to be measured are converted into electric signals and fed into the telemetry module 
for transmission to the tracking stations. The 17-inch-diameter spherical rocket 
motor boosts the payload to its final reentry velocity. No attempt is made to 
recover the payload. 

The nose window and spectroradiometer part of the fifth stage is discussed in 
this paper. Their final design and construction resulted from factors peculiar to the 
radiative heat-transfer experiment and the rocket vehicle used. 

DESIGN CONSIDERATIONS 

EXPERIMENTAL 
As stated before, the experimental quantities to be measured are the spectral 

and total intensity of the shock-induced, flow-field radiation. An analysis of the 
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expected hot-air radiation was made in order to determine the required sensor
range, sensitivity, frequency response, and resolution. The analysis was made using
a theory of hot-air radiation (1) which was derived from laboratory measurements.
This theory gives sufficient indications of the spectral emission of gases at the
temperatures and densities of interest. The expected flow-field gas temperatures
and densities were taken from normal shock data (2) which applies to the hyper-
velocity reentry trajectory. An altitude-versus-velocity curve for the experiment is
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FIGURE 4. Altitude versus velocity.

shown in Figure 4. Radiation from hot air in the altitude range from 350,000 to

150,000 feet was taken as the region of primary interest. Calculations of the spectral
radiation from several of the most intense air constituents were made for the

various temperatures and densities throughout this altitude range. One set of

spectra is shown in Figure 5 for an intermediate altitude. The peaks and inflections

in the upper curve indicate the spectral features due to the ionized nitrogen

molecule's first negative band system. The lower curves are due to two nitric oxide,

NO, band systems. The expected dynamic range of radiant energies is shown in

Figure 6. This curve shows the change in specific intensity, or steradiancy, over the

reentry period for the 3900/_ radiation of the N _ (1 - ) band system. The stera-

diancy increases by approximately 7 decades during a 25-sec data period. This

analysis of the flow-field radiation suggests the following sensor design character-

istics. The sensor should provide a spectrum over the wavelength range from 2000

to 6000 _ and a total radiation measurement over as wide a wavelength range as

the window transmits. The spectral part of the sensor should have a resolution of

75/_ to resolve the expected molecular band spectra. It should record the spectrum

in approximately -_th of a second if a spectrum is to be obtained which does not

change in intensity significantly during the scan. It should be able to detect a

minimum steradiancy of 10 -_ watt/cm2-steradian-micron and have a dynamic

range covering 7 decades of ,-adiant energy. In addition to these characteristics,
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the vehicle configuration suggests tile sensor be packaged in a cylindrical volume

no larger than 10 inches in diameter and 6 inches deep. It should not weigh more

than 10 lb.

ENVIRONMENTAL

The environment in which the sensor must operate also affects its design. The

maximum vibrations and accelerations are listed in Table I. The temperature will

vary from 75 ° to 130°F and the pressure will vary from 1 atmosphere to the

vacuum of space. During the period of reentry the optical window must efficiently

transfer the radiation to the spectroradiometer while being subjected to a peak heat

pulse of 800 Btu/ft2-sec.

TABLE I. ENVIRONMENTAL TEST

MAXIMUM LEVELS

TYPE

VIBRATION
I. SINUSOIDAL

2. RANDOM

ACCELERATION
(STEADY STATE)

SHOCK

LEVEL

9 G rms
8 I/2 G rms

6O G
6G

22G

FREQUENCY

500-2000 CPS
15-2000 CPS

DURATION

105 SECS
I10 SECS

5 MIN

5 MIN

5-15 MSECS

DIRECTION -

LONGITUDINAL
LONGITUDINAL

LONGITUDINAL
TRANSVERSE

LONGITUDINAL

DESCRIPTION OF SENSOR

GENERAL

A sketch of the sensor designed to meet the above requirement is shown in

Figure 7. It consists of a vehicle nose window, an optical monochromator, a

thermistor system, and a photoelectric system. These components are combined

into a single unit which forms the nose section of the fifth-stage rocket.

The hot-gas radiation in the stagnation-point region of the nose passes through a

fused quartz window, the internal surface of which is used as the entrance slit of a

modified Ebert type scanning monochromator (3). The radiation passes through

the monochromator as shown forming a spectrum at the exit slit. The spectrum is

scanned across the exit slit by oscillating the diffraction grating with an electric

motor. The narrow spectral band of radiation that passes through the exit slit

excites the phototube which provides a voltage output to one channel of the tele-

metry system. Part of the radiation passing through the nose window illuminates

the total radiation thermistor detector. This radiation is chopped by a motor-

driven, squirrel-cage chopper. The total range of wavelengths that is transmitted

by the window excites the detector which supplies a voltage output to another

channel of the telemetry system.

NOSE WINDOW

The nosc window is a fi!sed-quartz light, pip_ 0020 inch wide, 0.75 inch high, and
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FIGURE 7. Nose-sensor assembly.

2 inches thick. It is heat sink immersed in a beryllium nose. It is so designed to
survive the extreme heat generated at the nose and to efficiently transfer radiation
to the scanning monochromator and thermistor. It transmits radiation from 2000
to 30,000 A, has a melting point higher than that of bcwllium, and excellent
thermal shock characteristics. The 0.020-inch width of the window serves as the
entrance slit width of the monochromator.

SCANNING MONOCHROMATOR

The scanning monochromator has an f/3.3 spherical concave collimating mirror.
The plane reflection diffraction grating has 600 grooves per millimeter and is
blazed for the 3000-._ wavelength. The grating is oscillated sinusoidally by a

28-volt d-c electric motor. The grating oscillates at 2.5 cycles/sec, causing the
spectrum to scan across the 0.020-inch exit slit five times per second. The halfl_k
band width of the radiation that passes through the exit slit to the photodetector
is 75 A wide.

PHOTOMULTIPLIER DETECTION SYSTEM

The photoelectric detector used to record the spectral radiation is a photo-
multiplier type 1P28. The electronics used are designed to cover approximately
5 decades of radiant energy. This essentially covers the sensitivity range of the
1P28 from a so-called "wide open" gain condition to maximum attenuation. The
gain or attenuation of tim i)hotomultiplier is achieved by electronic feedback
control of the high voltage applied to the photomultiplier. This is a technique
employed in conventional devices to achieve a logarithmic energy response with
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the photomultiplier. However, all functions are achieved with solid-state devices.
A block diagram of the photomultiplier system is shown in Figure 8a. The amplifier

fed by the 1P28 controls the amplitude of the high voltage applied to the 1P28.
In this manner, optimum operating points for the photomultiplier and amplifier

may be chosen. At zero signal condition, 1000 volts are applied to the photo-
multiplier and the applied voltage is related to the energy level of the radiation
input. The output is recorded by monitoring the high voltage through a voltage
divider.

THERMISTOR DETECTION SYSTEM

The thermistor detector is essentially a photoresistive bridge device. Adequate

compression of the output signal, which covers 5 decades of radiant energy, is
achieved by utilizing saturating operational amplifiers. Five operational amplifiers
are cascaded and their outputs are divided by 10 to reduce the voltage; they are
then summed. Logarithmic compression is achieved by permitting each stage to
saturate at an equivalent decade of energy. The last stage saturates at an input
of 0.0001 volt and the first stage saturates at an input of 1 volt, indicating all
states are saturated. Saturated output for each stage is 10 volts. Dividing by 10
and summing each stage, the maximum output for maximum input is 5 volts.
This system was developed as an all-solid-state device. A block diagram of the
system is shown in Figure 8b.

I IP28PHOTOMULTIPLIER

_-2OO-IOOO VOLTS

_HIGH VOLTAGE J

__L

(a) PHOTOMULTIPLIER SYSTEM

[THERMISTOR_ (_TNALT O_5 VOLTS

(b) THERMISTOR SYSTEM

FIGURE 8. Detector electronics.

FINAL CONFIGUBATION

The spectroradiometer-nose assembly is shown in an assembled and exploded
view in Figure 9. The spectroradiometer is housed in an airtight can which is
purged with dry nitrogen to approximately 20 lb/in 2 pressure to eliminate any
low-pressure problems that might occur in the vacuum of space. All metal parts



EXPLODED VIEW 

ASSEMBLE VIEW 

FIGLXE 9. Flight spectroradiometer. 
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are anodized or painted black to eliminate as much stray light as possible. Light- 
weight metals such as aluminum and magnesium are used where possible to cut 
down on the weight of the instrument. The final weight of the spectroradiometer is 
10 lb. It is housed in a can 7 inches in diameter and 6 inches deep. The electrical 
requirements to operate the spectroradiometer are 28 volts, 250 milliamps, 
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SENSOR CALIBRATION

CALIBRATION APPARATUS

The spectroradiometer is calibrated with an NBS Standard of Spectral Radiance
(4). This is a ribbon filament tungsten lamp which operates at 6 volts and 35
amperes and is calibrated for spectral steradiancy over the wavelength range from
2500 t_) 26,000 A. Neutral density filters of the wire screen type and the partially
aluminized quartz type are used to attenuate the standard lamp by known amounts.
The spectral transmission of these neutral density filters was measured with a
_pectrophotometer over the wavelength range. The spectral calibration apparatus
is shown in Figure 10.

ENERGY

Figure l l shows the calibration curve for the spectroradiometer. The voltage
output versus radiant energy input is shown for three different wavelengths of
radiation. There is a change in calibration with wavelength due to nonlinear spectral
response of the spectroradiometer. The minimum energy detectable for the
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FIGURE 11. Spectroradiometer calibration curve.

spectral detector is approximately 10-7 watt/cm2.steradian.micron. The 0-5 volt
output represents approximately 4 decades of radiant energy input. The total

radiation thermistor detects a minimum energy of approximately 10 -a watt/
cm2-steradian. Due to the less sensitive thermistor which has no radiation-

collecting optics, the total radiation detector does not begin to record radiation
until the photomultiplier saturates. The thermistor was calibrated using the same
NBS standard by integrating the energy under the spectral steradiancy curve
from 2500 to 30,000 A.
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WAVELENGTH

The wavelength calibration is made for the spectroradiometer by recording a

spectrum of a mercury discharge lamp. A spectrum of the mercury lines is shown in

Figure 12 as recorded by the spectroradiometer during a rocket prelaunch system

_
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FIGURE 12. Hg spectrum as recorded by the spectroradiometer.

check while on the launching pad. This record shows a forward and reverse scan of

the mercury spectrum. The square waves are voltage calibrate pulses at the red

end of each spectral scan. The saw-toothed pulse shown by the dotted line is a

radiant energy calibrate pulse generated by flashing a small tungsten lamp

momentarily at the ultraviolet end of the spectral scan. The voltage and energy

calibrate pulses serve to check the integrity of the system during flight. The dotted

line shows the zero radiant energy input to the spectroradiometer. The approxi-

mately 0.2-volt level is due to instrument noise. The shark-fin appearance of the

intense 2537-_ line is due to insufficient frequency response of the system. A

radio-frequency filter was added late in the program to eliminate radio-frequency

noise in the sensor. This, unfortunately, reduced the sensor frequency response

causing the erroneous wave form.

FLIGHT PERFORMANCE

The flight spectroradiometer was launched in the early hours on the morning of

August 23, 1962. The vehicle's third stage malfunctioned causing the fifth-stage

payload to go into a flat, spinning attitude. Consequently, it reentered the earth's

atmosphere at a velocity much lower than predicted. Although the radiative heat-

transfer-measurement objectives of the experiment were not obtained, the flight

evaluation of the spectroradiomcter was quite successful. Telemetry records

indicate tillab"J L}ie spect,rolauJometer_' operated piopeHy_ ,_._,,_u_B,,_,,_l.._,,1.^_,,_a:__,,,,_._" ml.._,,_
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velocity of reentry was not determined but an analysis of the flight records showed
the velocity could not have been greater than 10,000 ft/sec. Therefore, the probable
2000°-3000°K hot-air radiation could not have been detected with the on-board

speetroradiometer. Nevertheless, the ablation of vehicle materials did provide
radiation the sensor could detect. One hundred and eighty-one scans of spectral
radiation were measured during a 31-see period. One such recorded spectrum is

shown in Figure 13. This spectrum came from a hydrocarbon flame. Most likely it
came from charring ablator material (refrasil) used on part of the beryllium nose.
An oxy-acetylene flame spectrum is shown with the flight record to show the
similarity. The peaks recorded are the carbon, C2 Swan, band system, and the CH
molecular band system. The relative intensities of the two band systems are different
for the two records and are due to the different modes of excitation.

SPECTRAL
STERADIANCY

/_ FLIGHT RECORD

SPECTRUM
OXY-ACETYLENE

M

C 2 SWAN CH

I I I I I I I I
6000 4000 4000 6000

o

I t
2000 2000

WAVELENGTH, (A)

FIGURE 13. Comparison of a flight record spectrum with an oxy-acetylene flame
spectrum. (Two adjacent scans of the same spectrum axe shown.)

CONCLUSIONS

The flight spectroradiometer sensor performed as exl_cted, recording the
radiations it detected with good fidelity. Not all the design characteristics strived
for in the sensor development were obtained. The spectral resolution was finally
100 A instead of 75 ._ due to the reduced frequency response. Although the sensor
could detect a wavelength range from 2000 to 6000 A, the energy calibration
below 2500 A was very poor due to insufficient radiation standards below 2500 A.

The final dynamic range of the sensor covered 4 decades of radiant energy instead
of 5. Due to the rocket malfunction, the nose-window design was not tested. The
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window survival problem for hypervelocity reentry radiative transfer measure-
ments is very difficult to solve because no ground facilities are available to re-
produce the heating rates that occur during reentry. There was hope this flight
would provide window survival data for use on future reentry experiments.

The final accuracy in measuring wavelength and radiant energy is as expected.
Wavelength can be measured to _ 50 A on a final record. The radiant energy

measurements have an uncertainty due to several instrument errors. The calibra-
tion standard lamp has a maximum uncertainty of +_5 per cent. The spectroradio-
meter sensor calibration procedure results in a maximum uncertainty of +25
per cent. Another error in measuring the voltage output of the spectroradiometer
tllrough the telemetry system is _+2 per cent of the full-scale reading. The maximum
overall uncertainty in measuring the hot-gas steradiancy from a telemetry record
is approximately _+35 per cent.
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M. R. Denison and R. W. Ziemer:

Investigation of the Phenomena
in Crossed-Field Plasma
Accelerators

__ The acceleration of a plasma by means of a crossed-field accel-

erator is beset by problems which as yet do not have odequate explanations.

The experimentally observed effects include: the sudden drop in thrust

with increasing maqnetic .field strenqth, extremely unsymmetrical

electrode heating, and lack of acceleration in some closed-channel

accelerators. These problen_v also have their counterparts in MHD

generators.

In order to obtain a better understanding of the physical phenomena

associated with J × B acceleration, an analytical and experimental

diagnostic study was undertaken. A primary objective was to determine

and understand the current density distribution in the discharge region.

A theoretical description of the current density distribution in a

cowstant area J x B channel was developed, including the effects of

both Hall currents and ion slip. Computer solutions for several values

qf the Hall parameter

C - t°e%
I "I- aleTeW_T i

were obtained which exhibited the physically observed characteristics of

high-current density concentrations at the upstream edge of the cathode

and the doum.stream edge of the anode.

An experimental investigation of the phenomena occurring in a

crossed-field accelerator was conducted using a confined jet-type

accelerator, specifically designed and built for this basic study. The

accelerator employed eleztrodes which were segmented transversely and

longitudinally to the flow. These segments were electrically insulated,

but at the same potential, and the current through each of the cathode

a_l anode segments was individually mcazured.

In addition, electrode side wall potential measurements were made.

Reproducible data were obtained which indicate the magnitude and

distribution of the electric field in the core of the plasma as well as the

ED. )zorn: This work was performed at Electro-Optical Systems, Inc., Pasadena, Cali-
fornia, under sponsorship of the Air Force Office of Scientific Research,
Contract AF 49(638)-1063.
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sheath potential drop on each electrode. Physical interpretations and

evaluation of the observed phenomena are given and specific needs for

more detailed diagnostic information are outlined.

INTRODUCTION

The purpose of thc program of research discussed in this paper is to obtain a

better understanding of the physical phenomena associated with magnetodynamic

acceleration. Specifically, both the experiments and the analysis pertain to the

phenomena which occur in a steady-state, crossed-field accelerator of uniform cross

section. Pioneering work with such accelerators was carried out by Wood and

Carter (15), and Demetriades and Ziemer (16). Since that time the number of such

accelerators in this country has been steadily growing. It therefore appears that a

closer look at the fundamental process is desirable. Presumably, when the nature

of the interaction between the electromagnetic fields and the plasma is understood

in detail some of the results will be applicable to other types of accelerators (or to

generators), but in particular some of the difficulties encountered with crossed-field

accelerators can be explained. These difficulties include electrode heating, thrust

drop-off at high magnetic fields, and lack of acceleration in some closed-channel

accelerators.

Most of these difficulties are linked to the current density distribution. For

example, it is usually observed that the upstream end of the cathode and the down-

stream end of the anode glow brighter than other spots during the experiments and

that damage due to heating occurs at these spots. Concentration of current might

explain the heating. Furthermore, the general direction of the current is that which

would be caused by the Hall effcct. The resultant force vector due to the Hall

effect is therefore at an angle to the direction of the channel. In addition, it is often

argued that at high magnetic field the current density tries to seek a path of lower

back EMF either by going through the boundary layer or by popping out of the

magnetic field which is finite in extent.

In order to obtain some quantitative information on the current density distri-

bution and other phenomena, a systematic series of experiments has been initiated

using a crossed-field accelerator. The diagnostic techniques employed in the first

series of experiments are relatively simple. However, these give very important

information as to the overall problem and pinpoint specific needs for more

sophisticated diagnostics in later experiments.

This paper contains a summary of the first series of experiments which have

been carried out in less than a one-year period. One technique employed for

obtaining information on the current density distribution consists of dividing both

cathode and anode into nine segments. The nine segments are at the same potential

but electrically isolated so that the current through each one can be measured

independently. Another technique consists of side-wall potential measurements.

These experiments are interpreted in light of a "weak interaction theory" which is

summarized in this paper.

EXPERIMENTAL APPARATUS

A low-power, crossed-field (J x B) accelerator was designed for the experimental

study of the phenomena occuring during continuous electromagnetic plasma

acceleration. The system consists of an are jet plasma source followed by a !-inch
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square channel in which the plasma is accelerated by perpendicular electric and
magnetic fields. Two water-cooled electrodes with a 1-inch square surface area are
used to pass a current through the plasma normal to the flow direction and normal

to a magnetic field generated by an electromagnet. A schematic diagram of the
apparatus is shown in Figure 1. The arc jet and accelerator system is suspended

K DOOR FVACUUM TANK
ZZ7

TRIPOD

from a force measuring balance and is entirely enclosed within a vacuum tank.
The accelerator magnet is mounted to the balance and the arc jet is, in turn,
mounted to the magnet.. Attached to the arc jet is a supersonic nozzle followed by
the accelerator channel and electrodes. The nozzle and channel walls are made of

boron nitride and are cooled by radiation. The arc jet mount contains a traversing
mechanism so that the arc jet and accelerator as a unit can be moved back and
forth with respect to the magnet. This feature permits the study of the effect of
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magnetic field symmetry on the discharge phenomena. In addition, the ends of the

magnet polepieces are replaceable so that various magnetic field distributions can

be generated.

As indicated in the Introduction, the apparatus was designed for diagnostic

studies. Current density distributions on the surfaces of the cathode and anode in

longitudinal and transverse directions are measured by using electrodes which are

divided into a number of segments. Each segment is electrically insulated from the

others but is at the same potential. Therefore, by measuring the current through

each segment, a current distribution is obtained. The accelerator electrodes were

divided into nine segments as shown in Figure 2. (More finely divided segments can

be used if greater resolution is desired in future experiments.) A divided electrode

assembly is shown in Figure 3. Each segment is individually water-cooled. The

water tubes conduct the current through each segment and also serve as a current-

measuring shunt. The general experimental arrangement is shown in Figure 4, and

a rear view of the entire apparatus is shown in Figure 5.

CATHODE

P

ANODE

FIGURE 2. Arrangement and identification of divided electrode segments.

Incorporated into one side wall of the accelerator was an array of nineteen tung-

sten pins for the measurement of the potential distribution. Each pin was 0.040
inches in diameter and was set into a counterbored hole so that electrode material

deposited on the side wall would not contact the pins and disturb the electrical

measurement. The potential was measured with an oscilloscope through a motorized

stepping switch which sampled the voltages at a rate of 20 per second.

In addition to the above measurements, direct measurements of the total

momentum of the system were made. By measuring thrust and gas mass flow,

measurement of effective exhaust velocity can be made. Direct visual and photog-

raphic observations also have been made by use of a mirror placed below the

exhaust jet.

The arc jet is of rather conventional design and can be operated without a

magnetic field to rotate the arc. This is required to avoid interference with the

magnetic field of the accelerator. To increase the range of operating conditions of

,t,nv arc J_Xt,, it IS deslgncd with an anode nozzle throat section which can be readily



FIGLTRE 3. Divided electrode assembl?. 

rcq~laced. Thiq permits variation of the stagnation pressure and the nozzle area 
ratio. The arc jet i.: designed for a power input of up to 10 kn- and a mass flow rate 
of 0 . 1  to I grams’sec. 

To test for any magnetic interaction giving extraneous forces. the arc jet and 
accelerator electrodes were short circuited. Then the maximum currents were run 
through the arc jet. the accelerator. and the magnet. and the balance output ua.: 
observed. A small net force from the arc jet current was observed but its magnitude 
was only 1 gram a t  3W amps and 0.5 grams at  150 amps n-hich is small for the 
thrust forces hying imposed on the halance under normal operating conditions. 
In  addition. the arc jet current is normally held constant for n series of tests. ?io 
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mW

appreciable force was observed from either the accelerator current or the

electromagnet.

The general experimental procedure whcn thrust measurements were made was

to first select the arc jet power level, mass flow rate, and vacuum tank ambient

pressure. (The tank pressure was usually set at the level which yielded slight

underexpansion of the flow, normally about 0.8 torr.) The arc jet was then operated

at these conditions and measurements taken of current, voltage, and thrust. Next

the accelerator current was turned on and measurements were taken of accelerator

current, voltage, and thrust. Then, holding the accelerator current constant, the
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FIGURE 5. Rear view of accelerator and thrust balance mounted on vacuum tank door. 

magnetic field n as incrementally increased and measurements again taken at  each 
magnetic field level. Measurements of all rariables are obw\-ed on panel meters 
(luring the test and siniultaneoiisly recorded on a 36 channel high-speed oscillo- 
graphic chart recorder for later reduction and evaluation. The frequency response 
of the recorder is from 150 to SO(W cpq depending upon the particnlar galranonieters 
lwing iihed. 

SUMMARP OF "WEAK INTERACTION THEORY" 

In order to attempt interpretation of data it is necessary to  hare some sort of 
theoretical model and deccription of the process. JZuch of the ear l -  theoretical 
work was carried out because it nas  easy to  solve. rather than because it aided in 
understanding experiments. Some insight into the performance can be obtained by 
means of one-dimensional analysis (1, 2). However. it has not been possible to 
appl5- these treatments to the correlation of experimental data. With respect to 
the crossed-field accelerator. the one-diniensional approach iq deficient largely 
because of fringing electromagnetic fit4ds and the Hall effect. 

striking experimental observation I\ hich cannot be esplaincd hy means of 
one-dimensional analysis is the tendency of the current to  concentrate at the 
upstream a d  of the cathode and downstream end of the anode as shown b;v visual 
observation of bright spotr. I t  appears that at least tn o-dimensional calculations 
are necessary before proper correlation betv ren theory a n d  experiment can he 
obtained. 
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An attempt has been made to develop a two-dimensional analysis for accelerators

in reference (3). The analysis developed is specifically for the crossed-field accel-

erator although extension to other geometries is straightforward. It is in the category

of a "weak interaction theory" because it is assumed that the interactions of the

electromagnetic field with the gas through the Lorentz force and the power

addition are both weak. Hence, constant gas properties can be assumed. It is

shown that for constant plasma properties, small magnetic Reynolds number, and

induced field small compared to applied field, the solution of Maxwell's equations

and Ohm's law is reduced to the solution of Laplace's equation for the induced

magnetic field.

The solution of this problem has been obtained in three ways: analytically,

numerically, and approximately. The analytical solution is similar to the work of

Sutton et al. (4, 5) developed for generators. However, the present analysis is for

magnetic field geometries and plasma properties different from those studied

previously. The numerical finite difference method was carried out because it is a

first step toward development of a method for computing a "strong interaction

theory" in which plasma properties vary. The importance of variable properties

has been pointed out by Rosa (5).

ANALYSIS

The generalized expression of Ohm's law (7, 8) which was used is as follows:

-_> __> -_ --_ _eT e --_
j = a[E+q × B]- _×B_ _°er_°J'7_ "_ -_

-_ _ 3xB×B (1)

This is a somewhat simplified version but it contains the important features of

electron spiraling and ion slip.

Another simplification is to restrict attention to two dimensions. In the case of

the crossed-field accelerator this corresponds to flow between infinite parallel

plates with the direction of the entering fluid in the x direction. Let both the induced

and the applied magnetic fields be in the z direction, perpendicular to the flow

direction. In this way variations in the z direction can be neglected so that

_z J: E+ = q: = 0

In order for the plasma properties to be constant, it is necessary to restrict

attention to the inviscid core of the gas. Even with weak interactions plasma

properties vary across the viscous boundary layers and sheaths adjacent to the
surface.

In the absence of surface currents the magnetic field is continuous across

boundaries. The electric field, however, is not continuous because of surface

charges in the sheaths. For these conditions the boundary conditions for the

electric and magnetic fields are shown as follows:

B = B_ [ - [ B = Bz

-E-oo = -q-_x B1 E z = 0 E +oo = -q x B2

B-oo = B1 Ez = 0 B +¢o = B2

B = B1 [ + [ B = B2

where

It/to
B1 = Bo + zza_, Bz = Bo
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The components of Maxwell's equations and Ohm's law in two dimensions are

10B_ 1 _B_
J_ g0 bY ' J_ = -/_---_'kx (2)

bE_ _E_ = 0 (3)
_y _x

B z = B, = 0 (4)

bj_ = a[Ez+ vB_]--aj_ (5)

bj_ = a[E_-- uB_] +ajz (6)

where a -- OJeTe,b = 1 + o3iT_c..OeTe.
In order to solve these equations, the electric field is eliminated from equations

(5) and (6) by means of equation (3) and the normalized induced magnetic field is
defined as:

= 2(B_- B0)
lTt_O

If the induced magnetic field is small, golr/Be21<< 1, and if the magnetic Reynolds
number is small, R== alZou_l <<l, the resulting expression can be reduced to
Laplace's equation for the induced magnetic field:

V2/_ = 0 (7)

The boundary conditions on the electrodes can be obtained from equation (5) when
it is noted that the normal component of velocity is zero on all walls:

_--y _xx where C- l+toiroj_r, (8)

Once the induced magnetic field is obtained the potential difference can be
determined by means of Gauss's theorem. If the volume is chosen such that the
electrodes are the upper and lower surfaces and the cross section in the x-y plane
is rectangular, then

f f_ dy dx = -(_+ -¢_)(x2-x_) (9)
jvy

I_t x_ = -x2 to make use of the symmetry. Then it can be shown by use of
equation (6) that

(¢ + - (I)_) = uBoh + 1 IrBoF(C) (10)
nee

where

1 [f_(-_2,_)d_+Cf_ _ /_(_,0) d_]F(C) = _ _

x y
• =?`, 9=?,
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As mentioned previously, the advantage of the finite difference method is that it

can later be extended to include variable properties and large induced fields since
the character of the equations remains elliptic. Experience in overcoming numerical
difficulties has been gained with this method, and a considerable number of cases
for various values of the parameter C were run.

A typical induced field pattern computed by this method is shown in Figure 6.
Current concentration at the upstream end of the cathode and the downstream

end of the anode even at this modest value of C is evident, in agreement with
experimental observations. It can be shown that when C--> _ the solution reduces
to a source and sink at those locations. Note also that throughout much of the

region the current path is straight at an angle given by the electrode boundary
conditions. This suggests a possible approximate solution.

The approximate solution was obtained by assuming that equation (8) holds not
only at the electrodes but in the entire region between the electrodes with the
exception of the points on the electrodes where the gradients become steep. This
is equilvalent to assuming the electric field is uniform and is in the y direction over
most of the region between the electrodes. The boundary conditions on the

I02
I I I I I i III i 1 1 l I I 11] l 1 ] I l I 11

I0

ARGON

p= I(j3otm

lO-I I I i I i llJ

0 IO0 I000 IO

B (GAUSS)

FIGURE 7. Effect of magnetic field strength on the parameter C for argon at several

temperatures.
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insulator were satisfied at the diagonally opposite corners of the electrodes which

do not have steep gradients. The result is

.B = 1 2(x+Cy) (11)
l+Ch

where l is the electrode length and h is the gap. This approximate solution is very

convenient for estimating the influence of the parameter C on measurable quantities

such as voltage and current density distribution.

HALL PARAMETERS IN ARGON

The Hall parameters oJere/B and o.,_-_/B can be obtained from expressions given

by Cann (8, 9) to yield approximately the following:

3 / _r \l/:/n, \-1

(OeTe--s ='_ e (_) ('_e2e,2 Jr _ af[ea) (12)

B _= -_ e (na+ne)eq, _

Cross sections were computed by Ziemer and Cann (10) assuming equilibrium.

From this data the parameter C which is involved in the boundary conditions on

the electrodes can be computed. The results for a pressure of 10-a atmos, which is

approximately the channel pressure used, are shown in Figure 7. At low field

strengths C increases proportionally with respect to the magnetic field. The peak is

MACHINE COMPUTATION

1.0

08

06

04

02

...... APPROXIMATE

I5/I T

ll/IT _ ......

I I I [ I,

0 I 2 5 4 5

e Te
C=

I +co eTe(Z i "/'-i

I I /I T , 12/I T

I I' l J

6 7 8 9

FIGURE 8. Distribution of current among electrode segments as a function of the

parameter C.
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reached when w_v e eancHs out and C is inversely proportional to B. Thus the
current should spread out on the electrodes at high magnetic fields. This occurs at
field strengths in the range of the experimental equipment. Although ion-slip
controls in this region it does not follow that the ions do much spiraling; w,T( is
only of the order of I0-z. Non-equilibrium effects will shift the peaks because of
the change in the collision time for electrons. It is of interest to determine whether

this spreading out of the current is observed experimentally.

CURRENT DENSITY AND VOLTAGE CALCULATIONS

For comparison with the divided electrode experiments, consider electrodes which

are divided into three parts in the direction of flow with all parts at the same
potential. The current distribution predicted for each _gment as a function of the

parameter C as calculated by the numerical analysis is sho_ in Figure 8. It can be
seen that the approximate solution is rather good. Within the assumptions that
have been made the distribution depends upon C only.

6 71

I

I

5

4

I
3

tL

2

I

F __

--- MACHINE COMPUTATION

- - --APPROXIMATE
I+C 2

c(l+C)

.Q/h = I

_..,.

0 1 1 I I I

0 I 2 3 4 5

C = ('Me Te

I +Q')i -/"i CUe'lre

FIGURE 9. Variation of the potential function F(C) with the Hall parameter C.
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FIGURE lO. Hall coefficient for argon as a function of plasma temperature.

The influence of the current density distribution on the voltage is reflected in
the function F(C) of equation (10). Computation of F(C) for various values of x2
is a check on the numerical calculations since the results should be independent of

52. This was found to be true. A plot of F(C) is given in Figure 9. It can be seen that
again the approximate solution compares well with the machine computations.
Note that at values of C greater than unity F(C) itself approaches unity. Thus the
only dependence of the potential difference on plasma properties is through the
term 1�nee. This quantity is a strong function of temperature if equilibrium condi-
tions occur as shown in Figurc!O. At low values of C, F(C) is inversely proportional
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to C so that the magnetic field cancels out of the second term or the right-hand side
of equation (10). At low field strength under these conditions this term represents
the scalar resistance of the plasma. These results will be referred to later when side-
wall potential measurements are discussed.

EXPERIMENTAL RESULTS

PERFORMANCE

To aid in the interpretationof the currentdensity and side-wallpotential
measurements and relatethem to the acceleratoroperatingconditions,the gross

performance characteristicsof the arc jet and acceleratorshould be know1n. In

particular,itisimportant to know the effectiveplasma velocityand the velocity

increment imposed by the accelerator.
Measurements were made of thrust with the forcebalance from which the

apparatus was suspended and ofthe gas mass flow rate.In order to accurately

determine the plasma velocity,measurement was also made of the channel exit

and vacuum tank staticpressures,and the velocitywas computed from the
relation

T ---- _hu2-{- (/)2 -- Ps)A2

in which subscript 2 refers to the channel exit and 3 refers to the ambient conditions.
The results are shown in Figure 11 for the standard operating conditions of the
are jet.

From this data at various tank pressures with the arc jet alone operating and
the accelerator channel present, the average exhaust velocity was determined. It
was found to be 1000 to 1250 meters/sec, depending upon the mass flow rate and

4O

30
=E

(/)

(]c
T 20
I--

50

F-:-A"G°N I

I _=032s GM/SEC I

1 I--2so A.PS I

I0 _4_.

o I
0 1.0 2.0 3.0

TANK PRESSURE, TORR

FIGURE l 1. Measured thrust of arc jet with accelerator channel in place as a function
of vacuum tank pressure.
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1)ower input. The higher figure (:orr(,sponds to tim cou(lilion._ of tim diaguoslic

experiments.
Measurements were also made of the velocity increment resulting from the

J × B acceleration at conditions close to those for the subsequent studies. At an

argon mass flow rate of 0.147 gin/see and an arc jet power input of 3 kw, an arc

jet thrust of 15.7 gm was obtained. Then operating the accelerator, a thrust ratio

of up to 2.6 was obtained for a current of 62 amps and a magnetic field strength of

3450 gauss.

In later tests when the prime objective was current distribution or wall potential

measurements, thrust measurements were not repeated in order to simplify the

experiment. In this series of runs, the standard operating conditions for the arc

jet were:

Gas Argon

Mass Flow Rate 0.325 gm/sec

Power Input 5 kw

Total Pressure 145 mm Hg

Throat Area _ 0.11 in 2

Channel Pressure 1.0 mm Hg

Gas Velocity 1250 m/sec (from thrust)

DIVIDED ELECTRODES

A pair of divided electrodes was constructed for use in the crossed-field accel-
erator to measure the current distribution over the cathode and anode surfaces; each

electrode was divided into nine segments. All segments of an electrode were at the

same potential but electrically isolated so that the current through each segment

could be measured independently. One of the divided electrode assemblies is shown

in Figure 3. The segments used in these first tests were water-cooled copper,

insulated by an epoxy potting material. The numbering system for the segments

used in describing the test data was shown in Figure 2.

The plasma source (arc jet) for these tests was run at a constant mass flow rate

of argon of 0.325 gm/sec with a power input of about 5 kw yielding an average

velocity of 1250 metcrs/sec. The accelerator was operated at a constant current of

50, 100, and 150 amps, and the applied magnetic field strength was varied

incrementally from zero to 3400 gauss.

CATHODE DISTRIBUTION

The observed current distributions in general were unstable and sometimes

oscillatory. More specifically, with no applied magnetic field, the cathode current

was carried entirely by one segment, indicating a concentrated cathode attachment

point. However, the cathode segment which carried the entire current was not

always the same. The attachment point would be on one segment and then

"instantaneously" jump to another segment, remain there for several tenths of a

second or longer and jump to another segment. On some runs, the current would

remain on one segment and not move for the duration of the test run. As the

magnetic field was increased above 500 gauss, secondary discharges began to

appear on other segments for durations of about 0.01 seconds, but still with the

intermittent migration of the primary discharge region. At about 3000 gauss, the

current became distributed over as many as four or five segments but still with

short periods during which one segment carried the total current. In addition, the

amplitude of the current waveform for each participating segment appeared to take
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on the character of a random fluctuation. At these higher field strengths, there was

a tendency for the cathode spots to confine their migration to the upstream seg-

ments. The general appearance of the discharge was considerably more steady with

a magnetic field than without one.

The reasons for the observed current density distribution are as yet unknown. It

is believed that the cathode distribution may be controlled by the cathode emission
mechanism and that its behavior and cause is similar to that for other d-e arc

cathode spots (without transverse flow and an applied magnetic field); this

phenomenon is still not fully understood. One explanation for cathode spot migra-

tion is that the deposit or formation of a low work fimction material on the

cathode surface such as an oxide occurs and the cathode spot moves to this region.

Very rapidly this film is removed or destroyed and the cathode spot moves to a

new portion of the film. This phenomenon occurs at a rate such that the cathode

spot migrates over the cathode surface in a rapid and apparently random manner.

Future tests will be run with tungsten electrodes instead of the copper ones used in

these tests to determine if any effect can be attributed to the electrode material.

,__NODE DISTRIBUTION

The character of the current distribution on the anode was quite different from

that of the cathode. In general, the distribution measured on the anode was stable

and more consistent among several runs. With no magnetic field, the current was

carried predominantly by the trailing edge segments, 3, 6, and 9, but _4th some

transverse asymmetry. There were a few runs, however, in which the current was

carried largely by the center and upstream segments. As the magnetic field was

increased, the current tended to concentrate on the three trailing edge segments as

17' ..=,,.__8ooo-K-_..._.._

.8

it/
_/,= _ THEORETICAL- NO ION SLIP

T.EO.ET, A --W,T.,O.S',P
• • EXPERIMENTAL I= 20-- 155 AMP

.2-

O i
O

I I I
I000 2000 .3000

APPLIED MAGNETIC FIELD, (gauss}

FIGURE 12. Comparison of theory and experiment for the fraction of current carried by
the downstream third of the anode as a function of applied magnetic field strength.
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predicted by theory. Above 700 gauss, the current was carried entirely by the

trailing edge segments and the distribution among these three was uniform. Only

very rarely was there observed any instability in the anode current distribution.

When it did occur, the duration was about 0.05 to 0.2 seconds and then the previous

stable distribution was re-established.

The anode current carried by the trailing third of the electrode, I3/IT, is compared

with theoretical predictions in Figure 12. The theoretical predictions make use of

the machine calculations for Ia/I T as a function of C (presented previously in

Figure 8) as well as equilibrium values of C for argon (which were presented in

Figure 7). For the curves labeled "no ion slip" it was assumed that the cross section

for ion-atom collision is sufficiently large to eliminate ion slip effects. Of all the cross

sections used for the equilibrium calculations, this one is the least reliable. It can

be seen from Figure 12 that the data agrees qualitatively with the predictions for

"no ion slip" but with erratic behavior superimposed. No evidence was obtained

of the current spreading out at high magnetic fields. This may be due to a faulty

cross section for ion-atom collisions, or it may be that non-equilibrium conditions

control. Independent measurement of plasma properties such as electron number

density, electron temperature, and gas temperatures would shed some light on this

question.

Much remains to be done with divided electrode measurements themselves. So

far there is little data between 1000 and 3400 gauss. It is planned to carry out

additional experiments in this region with tungsten electrodes instead of the copper

ones used in these experiments. Hopefully, more reproducible data, which may

permit more conclusive interpretation, can be obtained with such electrodes.

WALL POTENTIAL MEASUREMENTS

In order to obtain further correlation with theory, and in order to gain insight

as to the behavior of the plasma, the potential distribution on the accelerator

side wall was measured. If no appreciable current flows normal to the insulator

side wall, the wall potential is indicative of the local plasma potential. This

technique is similar to that employed by Louis et al. (11) for the generator.

A set of 19 tungsten pins was imbedded in one side wall of the accelerator, flush

with the inner surface. The arrangement is shown in Figure 13. The pins were

connected through a 2 pole stepping switch to a 502 Tektronix oscilloscope with a

10 megohm input impedance for voltage readout. With this system, the potential

of the various pins was sampled and displayed two at a time with a sampling speed

of 20 pairs per second. The oscilloscope display of two complete cycles was recorded

photographically.

The first experiment to obtain the wall potential distribution was run with

solid (not divided) water-cooled copper electrodes. After several series of tests, it

was discovered that copper sputtered from the electrodes was depositing on the

wall and was electrically interconnecting the pins. This resulted in very strange

potential profiles. Even attempts to clean the wall after each test point failed to be

adequate.

In order to eliminate this effect, two changes were made. First, the copper

electrode surfaces were capped with a sheet of tungsten 0.060-inch thick to reduce

the amount of material sputtered on to the wall; tungsten has a very low sputtering

rate compared to copper. Secondly, the wall was counterbored at each pin so that

the pin would not be in contact with the inner surface of the wall. If metal deposi-

tion did occur, the nun_' cou_tt'-_ .._........_,,_:_-- _.=:n.._._._c_..___'_ +_ +h_...........+,mg,_fen pin insert.
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The above modifications provod successful and consistent measurements were
obtained in subsequent tests.

The arc jet was operated at 5.2 kw input with an argon flow rate of 0.325 gm/sec.
The accelerator was run at a constant current of 25, 50, and 100 amps _ith the
magnetic field varied from zero to 5000 gauss. The measured wall potential for the
50-amp runs are plotted in Figures 14 to 16 as a function of the applied magnetic
field strength for the distribution in the direction of the applied electric field at the
upstream, middle, and downstream regions. The distribution normal to applied
electric field is plotted for regions near the cathode (upper set), the mid-plane, and
near the anode (lower set) in Figures 17 to 19. The effect of varying the current is
indicated in Figure 20.
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FIGURE 17. Measured potential distribution along plane near cathode, I = 50 amps.

ELECTRIC FIELD IN INVISCID CORE

The electric field in the inviscid core can be estimated from the slope in the

central portion of the data presented in Figures 14 to 16. This is presented in

Figure 21. It can be seen that there is no systematic variation in the data from

leading edge to trailing edge. Furthermore, there is no systematic variation with

applied current. Although there is scatter in the data, the reproducibility is very

good. An average curve (almost a straight line) is plotted. The value of E/B from

this line is approximately 6400 m/sec. Data from the total electrode potential is

shox_Ta for comparison in which the field strength is determined by subtracting a

constant electrode voltage drop of 20 volts and dividing by the electrode spacing.

This data gives an equivalent value of E/B which is still higher. The difference is

due to the effect of the magnetic field on the boundary layer or sheath potential

drops which will be discussed later.
8*
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FIGURE 18. Measured potential distribution along middle plane, I = 50 amps.

From thrust measurements with pressure correction made with the arc jet

connected to the accelerator section but with no second discharge, the velocity at

the accelerator entrance, u0, is 1250 m/sec. The average velocity in the accelerator

can be expressed as
BIh

Uav = u0+ 2_h

if all of the Lorentz force is imparted to the gas. This is equivalent to a velocity of

2080 m/sec at 4000 gauss. Even with this correction, the velocity is far below that

corresponding to the indicated value of E/B.

An additional increase in core velocity due to boundary layer effects can be

introduced. It can be shown that for a square channel the thrust with the pressure

correction divided by the mass flow is

w - "\ nl
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where Uc is the core velocity, h is the electrode gap, and 0 is the boundary layer

momentum thickness. It can be seen that if the momentum thickness becomes as

large as 10_'o of the gap, an error of close to a factor of two in estimating the

velocity is possible when total thrust and mass flow are used.

An estimate of the momentum thickness can be obtained from hypersonic

boundary layer theory from which

0 0.664

x Re 1/2

This has the same form as the incompressible relation but the Reynolds number

should be based on core properties. For a length, x, of 2 inches and a viscosity for
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equilibrium argon (12) at about 8000°K, the Reynolds number turns out to be
about 100. Hence, a value of 8 on the order of a tenth of an inch is reasonable. The

core velocity could then be increased by a factor of 1.7.
An alternate method of estimating the velocity in the aceelerat_)r section is from

the power input to the arc jet and the mass flow. Under the conditions mentioned
previously for these tests, and an estimated efficiency of 30°o, the power into the
gas represents a total enthalpy of hr/RTo = 85. The corresponding measured total
pressure is Pr_0.19 atmos. Under these conditions the equilibrium degree of
ionization in the chamber is only 1%. Therefore, modest supersonic Mach numbers,
and a vacuum velocity of about 3000 m/sec, would be achieved. Use of the measured
pressure in the accelerator section of 1 mm Hg with the measured total pressure
leads to an accelerator inlet Mach number of 4.3. The area ratio would give the
same results if the channel area were reduced by a displacement thickness of 6_,
for each side. This is not an unreasonable value of 8* for a highly cooled boundary
layer. This method, therefore, leads to velocities considerably closer to E/B.
However, due to the nature of the arc column and the geometry of the arc head,
the stagnation conditions are not accurately knoum.

The remaining portion of E/B may be explained by the resistance of the plasma
including the influence of the Hall effect. In the analysis it was shown [equation
(10)] that

E I

B--oo= u+_ F(C) (note that Ir = I/h)

For the Hall parameter C greater than unity, F(C) is approximately unity. For a
current of 50 amps at a gas temperature of 8500°K the second term would be as
high as 4000 m/sec if the gas were in equilibrium, or as low as 450 m/see if fully
ionized. Such a temperature is not unreasonable considering the energy input to
both arcs.

It is interesting to note that in spite of considerable thermal and kinetic energy
addition, there was no detectable variation in the electric field from the leading
edge to the trailing edge of the electrodes. It is possible, of course, that a significant
fraction of the current is shunted around this portion of the core through the
electrode boundary layers. This would reduce the value of I in the above expression
so that the same value of the second term would correspond to a lower value of ne.

The lack of a strong variation with applied current would seem to indicate non-
equilibrium conditions ff the electric fields observed are due to plasma resistance.
Under equilibrium conditions the variations of 1�nee are exponential (Figure 10)
with the changes in temperature which would result from changes in power input.

In order to obtain a more complete understanding of the data, it is obvious that
further measurements are required. Direct measurement of velocity, temperature,
and electron number density in the accelerator is desirable. In addition, non-
equilibrium calculations along the lines of Kerrebrock's analysis (13) or that of
Russell et al. (14) may help to explain the results. However, quantitative compar-
ison cannot be expected since these theories are still not valid to closer than a
factor of 10.

ELECTRODE VOLTAGE DROPS

From the wall potential measurements, the voltage drops near the surface of the
cathode and anode can be determined. These voltage drops, which are due to
electrode surface, electrode sheath, and cold boundary layer phenomena, are
observed as regions of high electric field between the plasma core (where the electric
field is constant) and the electrode surface.
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From Figures 17 and 19 it can be seen that, except for a few anomalous points,

the potential along the electrodes is relatively constant. Thus the condition imposed

in the analysis that for the inviscid region the potential is uniform along the

electrodes appears to be justified, especially along the cathode.

It is observed that, with no magnetic field, the cathode drop is about 8 volts and

the anode drop about 12 volts. As the magnetic field is increased, the electrode

drops increase in the manner shown in Figures 22 and 23. At 5000 gauss, the cathode

drop is about 25 volts and the anode drop is 50 volts.

Another interesting effect can be seen in Figures 14, 15, and 16. The thickness of

the cathode drop region is constant. However, the anode sheath and boundary

layer thickness increases at the center and trailing edge planes at about 2000 gauss

and above. One possible explanation for this effect is that the Hall component of

the Lorentz force, which is in the direction normal to the flow and the applied

magnetic field, forces the gas away from the anode and towards the cathode. This

pressure gradient across the stream would tend to compress the boundary layer

on the cathode and thicken it on the anode. The voltage drop is further increased

by a reduction of effective electrical conductivity in the boundary layer due to the

Hall effect which can become very large in the cooler gas. Hence, the voltage drop

across the boundary layer would tend to increase with increasing magnetic field

strength.

The existence of these large electrode drops, particularly at the higher magnetic

field strengths, represents a very large loss mechanism which is very detrimental to

the overall accelerator efficiency.

CONCLUSIONS

The simple diagnostic techniques employed in these experiments have yielded

interesting information about the behavior of the accelerator and qualitative

correlation with theory.

Current concentration at the leading edge of the cathode and the trailing edge

of the anode was confirmed with the divided electrodes in agreement with theory

and visual observation. There was no evidence of the current spreading out at high

magnetic fields as would occur if ion slip controls.

Reproducible data were obtained from side ",vail potential measurements. The

magnitude of the electric field in the core cannot be explained by the back EMF

alone. The resistance of the plasma appears to have a significant effect on the

observed potential. The electric field was observed to be uniform from the leading

edge to the trailing edge of the electrodes. Variation of the applied current by a

factor of four had little effect on the core electric field. The anode sheath potential

drops, on the other hand, increased with current but this was compensated by a

reduction in cathode sheath drop. The magnitude of the sheath or boundary layer

potential increased significantly with magnetic field. The potential along the

electrodes at the edge of the boundary layer was relatively constant.

Although a considerable amount of information has been obtained with these

simple diagnostic methods, and much remains to be done with these and similar

techniques, the need for more sophisticated diagnostic tools has been demon-

strated. Detailed information on electron density, electron temperature, gas

temperature, and gas velocity would be very helpful in explaining the results. It

appears that the phenomena which occur in such accelerators are sufficiently

complex that a combination of diagnostic tools along with a realistic theory are

required in order to obtain quantitative correlation and more complete under-
Ol LIIIJst, anulil_ imy_l._, processes.
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NOMENCLATURE

Hall parameter, defined in equation (6)
Hall parameter, defined in equation (6)

Magnetic field strength
Applied magnetic field

Dimensionless induced magnetic field
Hall parameter, defined in equation (8)
Electronic charge
Electric field strength
Channel height
Total current per unit height

Current density
Boltzmann's constant

Electrode length
Mass of electron
Mass of ion

Number density of atoms
Number density of electrons
Pressure

Velocity
Electron-atom cross section
Electron-ion cross section
Ion-atom cross section

Electron temperature
Ion temperature
x component of velocity
y component of velocity
z component of velocity
Distance along channel
Distance across channel in direction of electrodes
Distance across channel in direction of normal to electrodes

Permeability of free space
Density
Electrical conductivity
Mean free time for electrons
Mean free time for ions

Electrical potential
Gyration frequency for electrons
Gyration frequency for ions
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12. Alan F. Klein: A Survey of

Optical lnterferometry as
Applied to Plasma Diagnostics

L__ The principles and techniques involved in the application of

optical interferometry to plasma studies are reviewed. The assumptions

and accuracy of the theoretical calculations are summarized. Experi-

ments to date in the .field are reviewed, a_ recent experiments at

Aerospace Corporation are described in which monochromatic inter-

ferograms about two-dimensional, sharp and blunted bodies have been

obtained using an inw_ie converter camera and an exploding wire light
source. Resolution times doum to 20 nanoseconds have been obtained

while maintaining a conventional field of view. Using the multiple

frames provided by the image converter camera, the flow fields have

been studied as a function of time. White-light color interferograms of

these flows have also been obtained at exposure times of 50 nanoseconds

using a recently developed Kerr cell.

INTRODUCTION

The technique of optical interferometry has long been used in fluid mechanics

and gas dynamics to measure gas density in nonionized flows in wind tunnels and
shock tubes (1). However, not until the experiments of Alpher and White (2, 3, 4)
was it successfully demonstrated that interferometry at optical wavelengths could

be used to measure electron densities in plasmas.
Optical interferometry, as considered here, depends upon changes in the index

of refraction of the test gas. In previous applications, when there were no changes
in the chemical composition of the gas, the change in the index of refraction was
just due to changes in the gas density. In the present application to plasma
diagnostics, the change in the index of refraction is due to both neutral and

charged particle-density changes. It will be seen that, usually, the only charged
particle of importance in determining the index of refraction of the test gas is the
electron. Under most conditions the interferograms reflect contributions due to
both the neutral particles as well as the electrons, and additional techniques are
required for separating the relative contributions. However, under some conditions,
the changes in the index of refraction due to all but the electrons are negligible and
the resulting interferograms then represent a direct mapping of the electron
density in the flow field.

ED. NOTE: Mr. Klein is with the Aerospace Corporation, E1 Scqundo, California. This
work was sponsored by the U.S. Air Force under contract No. AF04(695)-
269.
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The essential features of the optical system typically used in this work are
indicated in Figure 1. The interferometer is of the Mach-Zehnder type, consisting
of two fully-silvered mirrors, denoted by M, and two half-silvered mirrors, known
as beam splitters, and denoted by S. Light from the light source is collimated by the
lens L1, and the parallel beam of light enters the interferometer and is divided into

TEST SECTION---k \ \ \
\ \ \ s

!_o !-_ _ \ '___
M//\ .,,, "\ "'/"

I _ \ \

k-LIGHT SOURCE CHAMBER

FIGURE 1. Schematic of optics.

\ \ \\

CAMERA----\

two beams of equal amplitude by the first beam splitter. One beam passes through
the test section and the other through a compensating chamber which compensates
for the optical thickness of the test section windows and for the gas initially in the
test section. At the second beam splitter the beams are recombined. The recom-
bined beams are then focused onto the film plane of the camera by the lens L 2.
Details of the construction and operation of such an interferometer are presented
in reference (1).

Consider now the situation in which the collimated beam of light is a mono-
chromatic beam of wavelength A. If the optical lengths of the two beams are the
same, and if the mirrors and beam splitters are all parallel, then the two beams will
be in phase over the whole field when they recombine, and they will interfere
constructively to produce a uniformly bright field. If the mirrors and beam splitters
remain parallel, but the optical length of one beam is increased or decreased by
A/2 with respect to the other beam, then they will interfere destructively upon
recombining and the field will be uniformly dark. If the optical lengths of the paths
are the same, and one of the mirrors is rotated slightly, a linearly-changing path
difference will be introduced across one beam relative to the other and, upon
rccombining, there will be alternate constructive and destructive interference,
resulting in what is referred to as the initial or undisturbed fringe pattern. If a
plasma is now introduced into the test section, further phase differences are
introduced between the test and reference beams, causing fringe shifts relative to
the undisturbed fringe pattern. These fringe shifts are just proportional to the
change in index of refraction due to the presence of the plasma.

As is evident from Figure 1, changes in the index of refraction will be integrated
across the width of the test section, and if local flow properties are to be obtained,
it is necessary that properties be constant in this direction. Axisymmetric flows
can also be treated, but the data reduction then involves an integral transformation.
IF1 - .1J:_: _ -- 1 . I 1_uu, uio_l, uou_Lua_y layers, through which the test beam passes, are developed
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at the walls and, under some conditions, these boundary layers can produce

nonnegligible effects. Notice, too, that at the second beam splitter half of the

recombined beam passes vertically out of the interferometer. This beam is generally

not used, although in principle it could be.

THEORETICAL DISCUSSION

The theoretical aspects of both monochromatic and white.light interferometry

have been discussed in detail in the literature (3, 4, 5). Aspects of the theory of

monochromatic interferometry are summarized in this section, with recent addi-
tions to the theoretical picture included. Differences between monochromatic and

white-light interferometry are discussed in a later section. Emphasis is placed on

the case of shock-heated hydrogen, as this is particularly germane to the experiments
that will be described in the next section.

The shift, S (in units of fringe spacing), of a fringe with respect to an undisturbed

fringe is given by

S = A(n- 1)L/_ (1)

where n is the index of refraction (the velocity of light in vacuo divided by the

velocity of light in the test gas), L is the thickness of test gas traversed, and _ is the

monochromatic observing wavelength. The quantity (n- 1) is the refractivity, and

the fringe shift is proportional to A(n -- 1), or the change in refractivity with respect
to some reference value.

If one considers the situation where a test section is initially filled with an

undisturbed gas at room temperature and at some ambient pressure, and, at some

later time, is filled _ith a plasma (for example, produced by the passage of a strong

shock wave), then the fringe shift will be given by

S = [(n- 1)p_ma-- (n- 1)0]L/_ (2)

where the subscript 0 refers to the gas initially in the test section.

The plasma refi'activity can be made up of several components,

(n-1)p_m_ = (n--1)A+(n--1)M+(n--1)t+(n--1),+... (3)

The subscripts A, M, and I refer to atoms, molecules, and ions, respectively, in the

ground state, and e refers to electrons. In addition, there may be contributions

from such things as excited states. Any contribution from excited states will be

neglected here; the justification is given in the next paragraph. In the following

paragraphs each of the contributors to the plasma refractivity in equation (3) is

considered briefly; its significance in particular examples is also discussed.

For atoms and molecules, the refractivity is given by

(n- 1)A.M = 2_NA.M_A.M (4)

where 2V is the number density of the molecular or atomic species and a is its

polarizabihty. The polarizability is related to the separation between bound charges

or the dipole moment, which can be induced in the atom or molecule per unit

applied electric field. The larger the induced dipole moment, the more the test

beam is retarded in passing through the medium, and the larger the phase difference

between the test and reference beams when they are recombined. The polariz-

ability is a function of wavelength, but in most cases there is little difference between

the polarizability at optical wavelengths and the d-c or infinite wavelength

polarizability. This is because optical frequencies are still small compared to the
natural atomic frequencies. Table I contains values of the refractivity for molecular



236 PHYSICO'CHEI_CIICAL DIAG.NOSTICS OF :PLASMAS

hydrogen at standard temperature and pressure (S.T.P.) for several wavelengths (6).

The results of some recent calculations of the refractivity of atomic hydrogen in

the ground state (7) are also tabulated. Although the polarizability of an excited

state of an atom, molecule, or ion is expected to be larger than the corresponding

species in the ground state, the number density of particles in these excited states

is generally so low that the contribution of these par.ticles to the plasma refractivity

can be neglected.

TABLE I. HYDROGEN REFRACTIVITIES

Wavelength ( tk )

Refractivity oo 5870 5461

(n- 1)H2 × 104 1.358 1.388 1.392

(n-- 1)H × 104 1.132 1.173 1.179

Due to the lack of accurate values, most experimenters have assumed that, for

hydrogen, the molecular and atomic refraetivities are equal. Table I indicates

there may be nonnegligible differences. Further experimental work is necessary to

establish the validity of these differences. Infinite-wavelength polarizabilities for

many atomic and molecular gases of interest are tabulated on page 86 of Allen (6).

The refractivity of the free electrons is calculated from dispersion theory. For

an electron gas in which the electron-heavy particle collision frequency is much less

than the observing frequency, the index of refraction is given by

n _= 1 - _/_2 (5)

where oa_ =4ZrYee/M e is the square of the plasma frequency, and is the observing

frequency. N e is the number density of free electrons, e the electronic charge, and

Me the electron mass. Since oa_/o?<<l for optical frequencies and for the electron

density range of 1015 to 1018 cm -3, one can write

(n- 1)e _ --27rN_e2
M_o_2 (6)

Putting in the appropriate constants,

(n- 1)_ = - 4.46 × 10- :%_2N e (7)

From equation (7), the contribution to the plasma refractivity of the free electrons

is seen to depend only upon the wavelength and the eleetron number density,

independent of the ambient gas. At a wavelength of 5461 A, with a test-section

thickness of 7.6 cm., from equations (1) and (7) it is seen that a shift of 0.1 fringe

widths, due to electrons, corresponds to an electron density of 5.4 × l0 _5 em -3

Since a fringe shift of 0.1 fringe is considered a reasonable lower limit on the

sensitivity of the technique, this plaees a lower limit of approximately 10 _5 em-3

on the electron number density that can be measured with optical interferometry.

It is possible to increase the sensitivity to 0.01 fringes and measure still lower

electron densities (8).

For the case of the ions, both calculations and experiments are more difficult.

It can be generalized that calculations and experiments are more difficult any time

the state of the gas requires high temperature (e.g., ions and dissociated molecules).

For argon, the ratio of the polarizability (hence the ratio oI ........re_r_ct_vl_les] of ""u,_
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argon ion to tile argon atom has been calculated by approximate quantum

mechanical techniques, yielding a calculated value of 0.7 (3, 5). The accuracy of

this value is questionable, but it is the best available. Since the value is of the same

order as the atom value, the usual practice has been to set them equal.

Since the fringe shift is proportional to the number density and since the electron

refractivity, per particle, is generally much larger than the atom and ion refrac-

tivity, setting the ion polarizability equal to the atom polarizability results in

no significant error, because the electron number density is always at least as

large as the ion number density. In the case of hydrogen this uncertainty does not

exist. The hydrogen ion, being a proton, is treated as an electron with a positive

charge and a different mass. From equation (6), the electron refractivity is inversely

proportional to the mass, so the ratio of electron refractivity to ion refractivity will

be equal in magnitude to the ratio of proton mass to electron mass (approximately

10a). The hydrogen ion refractivity is thexefore completely negligible, since a free

electron is always created with each ion.

Returning to the fringe shift equation (2) and inserting the appropriate expres-

sions, one obtains

[(: ) ]S = 2_rNia_-4.46 x 10-14A2Ne -2_rNo_0 -_ (8)

where the subscript i refers to the ith atomic, molecular, or ionic species in the

plasma. The second term on the right of equation (8) is the free electron refrac-

tivity; the third term represents the refractivity of the reference gas (subscript 0).

The density of free electrons in the reference gas is assumed to be negligible.

Consider now the case realized in the experiments to be described in later

sections, where the undisturbed gas is room-temperature molecular hydrogen, and

the plasma is generated by the passage of a strong shock wave. The plasma will

then consist of free electrons, protons, and atomic hydrogen. It is assumed that

the shock waves are strong enough to fully dissociate the hydrogen molecules.

Using the infinite wavelength refractivity values of Table I, equation (8) becomes

S = L [(4.21 × 10- 2_NH -- 4.46 × 10-a4Ne)_2)--5.05 × 10-2SNH2] (9)

where the protons have been neglected. The relaxation time for dissociation is

much shorter than that for ionization, and short enough that dissociation appears

as a discontinuity, so that immediately behind the shock front the gas will be

fully dissociated, and N e will be approximately zero. In addition, the gas will have

been compressed by the shock. At this stage the fringe shift S will be given by the

difference between the first and third terms of equation (9), and _11 be in the

direction of increasing refractivity, inversely proportional to the observing wave-

length. Behind the shock front, ionization will start and there will be a shift in the

fringes in the direction of decreasing refractivity due to the second term in equation

(9). The fringe shift due to the electrons is proportional to the wavelength, so that if

the neutral particle density is also changing, one can separate the relative contribu-

tions to the net fringe shift by taking interferograms at two wavelengths. For a

detailed discussion of this point see Alpher and White (4).

Since the fringe shift is proportional to the density N, conditions can be achieved

where the ambient density is so low that, for the strongest shock waves, the fringe

shift due to the compression and dissociation of the gas is less than 0.1 fringes.

Under these conditions the interferograms represent a direct mapping of the electron

density in the plasma.
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TECHNIQUES

When optical interferometry was used mainly with steady-state devices such as

wind tunnels, the light source/camera requirements posed few problems as one

could use a long exposure time to photograph a comparatively large field of view,

the extent of which was usually determined by the size of the interferometer

optics. Many light sources of sufficient intensity and spectral distribution were

available. For pulsed devices, such as shock tubes, one had to use an exposure

time that was short enough to "stop" the motion of the shock wave. A brighter

light source was thus required to expose films in these short exposure times.

Shuttering was provided by either a fast mechanical shutter or, more commonly,

the duration of the pulse from the light source itself. However, for application to

many devices of interest today, the natural duration of these light pulses are too

long to "stop" the motion and the light pulses are not bright enough to expose

fihns in the extremely short times required. One way of circumventing these

problems, as well as studying the time history of transient phenomena, is to use

the technique of streak interferometry. In streak interferometry an image of the

fringe pattern is swept across a film by a mirror rotating at high speed. However,

instead of photographing a relatively large field of view as with conventional

interferometry, only a very narrow strip of the test section is viewed. With this

technique the effective resolution time is determined by the width of tile strip of

test section being viewed and by the speed at which the image is swept across the

film. Typically, resolution times of _0.1 _sec. are obtained. One now can use a

long-duration pulsed light source of moderate intensity, and no shutter is neces-

sary. The technique of streak interferometry was first reported by Bennett, Shear,

and Burden, applying it to the study of axisymmetric, exploding-wire pheno-

mena (9). Their white light work is mentioned again in the next section.

Most of the work that has been reported to date, applying optical interferometry

to plasma diagnostics, has utilized the technique of streak interferometry (10-14).

These experiments have involved electron density measurements in both two-

dimensional and axisymmetric flows. Perhaps the most interesting of these are the

experiments of Ramsden and McLean (12, 13) in which an attempt was made to

compare the electron densities measured interferometrically with those measured

TABLE II. COMPARISON WITH SPECTROSCOPICALLY DETERI_INED ELECTRON

CONCENTRATIOlqS

1. Incident Shock Experiments

Interferometer Continuum Line Width
X 1016 cm -a x 1016cm -3 x 1016cm -3

4.5±0.4

?,5200 ?,4530

5.6±0.7 5.4___0.7

H B Hy

4.3±0.6 4.8±0.7

2. Reflected Shock Experiments

Interferometer Continuum H B Line Width
x 1017 em -a x 1017cm -3 x 1017 cm -3

2.9± O.11 2:28 2.44
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by spectroscopic techniques. Table II summarizes their results. In the first

experiments, using an electromagnetic shock tube of the T type, with hydrogen as

the test gas, electron densities were measured with the interferometer. The

densities were also measured spectroscopically both by the absolute intensity of the

continuum plasma emission at two different wavelengths and by the widths of

Stark-broadened hydrogen Balmer lines. In the second experiments, working with

the higher electron density gas behind the reflected shock wave in the same device,

the interferometrically-determined electron densities were again compared with the

spectroscopic values. Much better agreement, which the authors attribute mainly

to the higher electron densities and hence the larger fringe shifts, was obtained in

the second experiments.

If one is interested in studying, for example, the electron density distributions

about bodies, or in the wakes of bodies, it then becomes necessary to photograph

the whole test section, and not just a narrow strip. Hence, streak interferometry

becomes unacceptable. In addition, for application to some of the devices of

interest today, resolution times are required that are not attainable with streak

interferometry.

Towards these ends, techniques have recently been developed at the Plasma

Research Laboratory, Aerospace Corporation, for obtaining significantly better

time resolution, at the same time maintaining a conventional field of view (15).

Both monochromatic and color, white-light experiments have been conducted.

The white-light experiments are discussed in the next section. In both the mono-

chromatic and white-light experiments the plasma was generated in a conical-

driver electromagnetic shock tube (16) using hydrogen as the working gas. This

type of shock tube operates typically over the shock Maeh number range of 20

to 60, at pressures from 5 microns to a few millimeters Hg. In all of the experiments

an exploding tungsten wire was used as the interferometer light source. This light

source was developed as part of the experimental program to provide a light pulse

that was intense enough to enable one to expose conventional films in exposure

times of ~ 0.01/_sec. The light source consists of a 5-rail tungsten wire, supplied by

a 6000 joule capacitor bank, charged to 18 kV. Following a 6-/_sec rise time, the

resulting light pulse decays slowly back to zero over approximately 100/_sec. The

light pulse is extremely bright and consists almost entirely of continuum radiation.

The intensity is fairly uniform over most of the visible spectrum. The light source

is thus suitable for both monochromatic and white-light interferometry. For the

monochromatic experiments, a narrow pass-band interference filter is inserted in

the light path. In the monochromatic experiments, the interferograms were

photographed with a Space Technology Laboratories image converter camera.

This camera provides three separate exposures per run, with individual frame

exposure times do_aa to 0.0I/_sec, and any desired interval between each exposure.

Figure 2 is an overall view of the apparatus. In the left foreground is the conical

discharge tube. The shock tube runs to the right, across the picture. Behind the
interferometer, in the left background, the exploding wire light source and its

associated optics can be seen. As shown in Figure 2, the wire itself is enclosed in

the cy]indrical can. This deflects the shock wave, which accompanies the explosion

of the wire, away from the interferometer. The interferometer, visible in the center

of the picture, has 6-inch diameter mirrors and beam splitters which can be

adjusted remotely.

Figure 3 is a photograph of the test section as seen looking in through the

interferomcter. The aluminum shock tube has a 3-inch-by-3-inch cross section, and
the diameter of the test section windows is 6 inches. A cylindrical model is shown

in the photograph. Both a _-inch diameter cylindrical model and a 30 ° half-angle
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wedge were used in these experiments. The models are supported by holes in the 
test section windows. 

Figures 4 and 5 are monochromatic interferograms of the flow about the :-inch 
cylinder a t  5461 A, with both vertical and horizontal fringes. Figure 6 is a mono- 
chromatic interferogram, also a t  5461 A, with vertical fringes, of the flow about the 
30" wedge. In  each case the initial pressure of hydrogen is indicated in the picture. 
The arrow indicates the direction of flow in each of the frames. The time interval 
between successive frames, is indicated in microseconds by the time scale in each 
photograph; the exposure time of each frame is also indicated in microseconds. 
Notice that in the interferogram of the flow about the wedge the exposure time of 
each frame is 0.02 psec. In  each of the photographs the shock Mach number, at  the 
test section, was approximately 20 to 30. 



Little attempt ha+ bccn niacte in tlrew eipcriiiiciif+ to reduce the interferograms 
to give a point-by-point niapping of tlie electron den.it! dwtribntion in the flon- 
field. although thi. conld be t l ~ e .  The iiiterferogramq Itax-e only been analyzed 
qualitatirely. This i. due to the fact that tlie emphasis in the xork to date has been 
on the derelopment of tlic tecliniques. X1.o. the plasma generated in this type of 
shock tube is highly non-iinifonn and far from txIo-diniensional. so that the 
Iiieasured electron cleniitiw are not local properties of tlir flon field. but rather 
average< acroq.. tlie t1iicl;nes~ of the test section. 

WHITE-LIGHT JKTERFEROItmTRT 
While a nionocliromatic fringe pnttcrn is made np of ninny fringes. indixtin- 

guis1ial)le from one another. n wliite-light fringe pattern consists of approximately 
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FIGURE 4. Monochromatic interferogram about 3-inch-diameter cylinder at 5461 A 
with vertical fringes. 

10-20 fringes, each having its own color and, hence, distinguishable from the 
others. This property of the white-light fringes is of particular significance when 
there is a discontinuous shift in the fringe pattern, such as across a shock wave 
propagating into a non-ionized gas. In  such a situation one cannot usually follow 
an individual fringe, in a continuous manner, through the shock. If the fringe shift 
is more than one full fringe width, an error of an integral number of fringe widths 
can result in the determination of the total fringe shift. However, this is not a 
problem when working with a white-light fringe pattern. The fringes are labeled 
by their color and the fringe shift is measured by connecting a fringe of a particular 
color with its counterpart on the other side of the shock. 

As discussed by Alpher and White (4), there are several essential considerations 
that distinguish white-light interferometry from monochromatic interferometry. 
It now becomes necessary to distinguish between the phase index of refraction and 
the group index of refraction, and, hence, between the phase and group refrac- 
tivities. The phase index of refraction, nD, is the velocity of light in vacuo divided 
by the phase velocity in the medium, and the group index of refraction, n,, is the 
velocity of light in vacuo divided by the group velocity of light in the medium. 
The shift of an individual fringe in either a monochromatic or white-light inter- 
ferogram is determined by the phase refractivity, while the change in location of 



FIGURE 5. Monochromatic interferogram about %-inch-diameterc?-linder at 5461 -4 with 
horizontal fringes. 

FIGVRE 6. Nonochromatic interferogram about 30 half-angle wedge at 5461 .i with 
vertical fringes. 

the center of contrast of tlie wliite-light fringe pattern is determiiied by the group 
refractivity (iec -411)lier and IVhite 141. p. 163). The center of contrast of a white- 
light interference pattern is 11 licrc tlie iiioiiocliroiiintir fringe patterns of all the 



244 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

individual wavelengths making up the white light are in phase. When calculating

the shift of the center of contrast by equation (1), _ is now a mean wavelength over

the visible spectrum. The phase and group refractive indexes are related by

A dnp (10)
n 9 = np dA

at a wavelength 2. As illustrated by Alpher and White (3-5), for the non-ionized

case there is usually a negligible difference between np and ng, and there is then no

observable difference between the shift of the center of contrast and the shift of

the individual fringe. This is the property that allows one to follow the white-light

fringes through a discontinuity. However, for electrons, the phase and group

refractivities are equal in magnitude but oppositc in sign. Hence, for the case of

the ionized gas, where the free electrons have been seen to be the dominant species,

the individual fringe shifts in one direction and the center of contrast shifts in the

opposite direction by an equal amount.

Another aspect of white-light interferomctry which has been used extensively by

Bennett is known as single-fringe interferometry (11). In this case the spacing

between fringes of the initial fringe pattern is increased until one fringe fills the

entire test section. The fringe pattern that results from the presence of the plasma

then represents lines of constant electron density. In the color, white-light work of

Bennett (ll), as in the monochromatic case, the technique of streak interferometry

was used. Until now, no other color, white-light interferometry has been reported.

This is due to the lack of a high-speed shutter that would transmit most of the

visible spectrum without dispersion. Also adding to the difficulty has been the

slow speed of color films and the lack of a suitable light source.

The recent development of a new Kerr cell. employing a fluid known as

Kerrmax _7 instead of the usual nitrobenzene, coupled with the intensity of the

exploding-wire light source and the fastest color films available has made possible

color, white-light interferometry of the same flow fields which were described in

the monochromatic section, with time resolution of 0.05/zsec.

Figures 7, 8, and 9 are typical color, white-light interferograms of the flow field

with no model, the flow about the :i_-inch cylinder, and the flow about the 30 °

wedge, respectively. In each case the initial pressure was 0.5 mm Hg of hydrogen.

As discussed earlier, this initial pressure is low enough so that the fringe shift due

to the compression and dissociation of the hydrogen at the shock front will be too

small to be resolved (less than 0.1 fringe), and the interferograms are a direct

mapping of the electron density distribution. Since the fringe shift is only reflecting

the presence of electrons, under these conditions one expects the center of contrast

to shift in the opposite direction by an equal amount. This can readily be observed

in Figure 7. The center of contrast is approximately the darkest of the three

purple fringes in the undisturbed region of the flow (adjacent to the "whitest"

bright fringe). Behind the shock front the fringes shift upwards, corresponding to a

decrease in refractivity, while the dark purple coloring, characteristic of the center

of contrast, shifts downward by an equal amount. (Note that in Figure 9 a shift

upwards corresponds to an increase in refractivity.) The peak electron density is

_,5×10 _6 cm -3. In each of the color interferograms the exposure time was

0.05/xsec. The film used was Ansco Type FPC-132.

SUMMARY

The principles and techniques involved in the al)i)lication of optical interfero-

merry to plasnm studies have been reviewed and summarized. Recent exi)eriments
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FIGUW 8. white-light interferogram of flow about Sg-inc-etu cylinder with hori- 
zontal fringes. Flow is from left to right An upward shift of the fringes corresponds to a 
decrease in refractivity. 

FIGURE 9. White-light interferogram of the flow about 30" half-angle wedge with hori- 
zontal fringes. Flow is from left to right. An upward shift of the fringes corresponds to an 
increase in refractivity. 
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at, Aerospace Corl,orati(,n have been described in which monochromatic int(,rfcro-

grams have been obtained with significantly better time resolution than was

previously available, while at the same time maintaining a conventional field of

view. Techniques have been described by which it is possible to obtain color, white-

light interferograms of entire flow fields, with good time resolution. The same

color techniques could be applied to obtaining single-fringe interferograms of
entire flow fields.

The technique of optical interferometry has been seen to provide measurements

of the electron density in two-dimensional and axisymmetric, high electron density

plasmas (101_-1018 cm-a). In a particular case, the electron densities obtained by

spectroscopic techniques have been seen to agree quite well with the interfero-

m etrically-determined values.
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Koichi Oshima: Microwave

Diagnosis of a Partly-Ionized
Flow in the Presence of a
Magnetic Field

_2¢ Starting with the conventional expression of tensor conductivity of

a plasma, the interaction between a plane-polarized microwave and

the plasma in the presence of a magnctic field is expressed analytically.

Especially, this expression can give the angular dependence of the

received power to the polarization plane. K-band and X-band micro-

wave systems with a rotatable receiving horn to measure this angular

dependence were developed and the measurements were carried out

with supersonic flows of argon and nitrogen gas through a small wind
tunnel.

The results with the K-band system were analyzed successfully by

this analytical expression, but the analysis of the data with the X-band

system was not conclusive. However, the measured angular dependence

of the phase shift and attenuation showed qualitative agreement with
the calculations.

INTRODUCTION

The application of microwave interferomctry to plasma diagnostics, while it
commands several technical advantages in principle, is somewhat limited in
practice by the relatively narrow ranges of electron density and collision frequency
in which any device of a given frequency can make effective measurements. For
example, a 24-Gc interferometer, traversing a plasma 5 cm thick, can respond to
electron densities between about 5 x l010 and 2 x 1012 cm -3. The possibility of
extending the range of sensitivity of an interferometer through the introduction
of an additional parameter--the electron cylotron frequency--would seem to be
desirable and warrants specific assessment. Such an investigation would also have
bearing on the problem of radio communication through the ionized gas surround-
ing a reentry vehicle.

In conventional microwave interferometry, two quantities are measured, phase
shift and attenuation, which are related to two physical parameters in the plasma,

ED. NOTE.* Dr. Oshima is now at the Aeronautical Research Institute, University of Tokyo,

Komaba-Meguro-Ku, Tokyo, Japan.

The research l_eported in this paper was sponsored in part by the Aeronautical
Systems Division, Wright-Patterson Air Force Base, under Contract :No. AF 33

(657)-7760, and the Air Force Office of Scientific 1R_se_rch under Grant AF-AFOSR

55-63.
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the plasma frequency (hence electron density) and electron-heavy particle collision

frequency (hence electron temperature). While it yields no new information about

the plasma, the presence of a magnetic field (which renders the plasma conductivity

a tensor) does add a dimension of versatility and redundancy in the interfero-

metric techniques. The present investigation is an attempt at assessing the practi-

cality of such an approach to microwave diagnostics.

Two principal results are obtained, one from analysis and the other from

experiments, which indicate severe limitations on the application of the magnetic-

field technique to microwave interferometry. The theoretical study of the inter-

action of a plasma slab of finite depth with a microwave field having a magnetic

field reveals a non-linear behavior with respect to the plasma thickness. The

experimental study reveals that the properties of a plasma may be significantly

altered by the presence of the magnetic field (beyond simply introducing gyration

in the electrons) in ways that cannot be predicted by theory, thus rendering the

diagnostic results ambiguous as to electron density and temperature.

MICROWAVE FIELD IN A PLASMA

We begin with the conductivity tensor a of a plasma in a magnetic field as

follows:

c°T -jM L

0 0

(1)

o) c -- elBol _ 1.76 × 1071B01 (rad/sec, gauss)
_nc

where m, ne, and e are electron mass, its number density, and its charge, respec-

tively; IB01 is the strength of applied field, and c is the speed of light. The

Gaussian unit system is used.

To solve for the field in the plasma, one eliminates the terms involving the mag-

netic flux from the Maxwell equations to obtain

@_E 47ra @E _ 0 (4)VxV×E+_-_4 ca _t

Time dependence of the electric field is e -j°'t. For a plane wave propagating in the

z-direction, the space dependencc is e/k-', and the z-component of the field E, E:,

(3)

L - 1-jfl M - Y N - 1
(1 -jfl)2 _ y2' (1 -jfl)2 _ y2' 1 -jfl

The z-axis is taken as the direction of the magnetic field, and, ill the present

experiment, is also the direction of the microwave propagation; oJ is the angular

frequency of the microwave; and

-, y = -- (2)
(D OJ

oJ_, v, and oJc are plasma frequency, electron collision frequency, and electron

cyclotron frequency, respectively.

2 4_re2ne
cop = -- 3.18 x 109n,_ ((rad/sec) e, l/era a)

m
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is zero. Using the above expression of a, the x- and y-component equations of E,
which are expressed as E::e-J('_- _) and E_e-s(_,t-k_), are

(.D 2

--_ ,ME_ = 0

(5)

{.,2 } . _=k_-):(1-.L) E_+3-_.MEz = 0

From the secular equation of these, two values of k are determined

k: = c 1 /¢2 = 1 (6)1 + y--jfl "7 1 --y--jfl

which correspond to the ordinary and extraordinary waves, respectively. The
electric field components Ex, E_, at a point where the microwave penetrates a
plasma slab to depth z, may then be expressed as

Ez = E+exp (jk:z)+E_exp (jk2z) E_ = jE+exp (jk_z)-jE_exp (jk_z) (7)

where E+ and E correspond to the ordinary and extraordinary waves, respec-
tively, and are determined by the incident condition.

Introducing the complex refractive index, n, and expressing the real and
imaginary parts of k and n by a prime and double prime, respectively, we obtain

. c . 1 [{[ ('+_), 1_ [ _'r/ 12_1'2 [ (,+y), 11,-,=n: = -- ]¢:= 1
_ (l+y)2+f12] + (l+y)i+fl2j j + 1 (l+y)2+fl2j I

1 [{[ (,+y). 12. [ _ 1"_],.112

1 (1 +y)_/ 111,2(:+y)_+/_=J]

[1 (1-7)7 11''2+
t (1-z)_+_=j]

.. c .. ' [{[ (l--y), l=+r /_r/ 12"_,,,n 2 = -k 2 = 1

1 (l-_,)n 111,=

where the subscripts 1 and 2 represent the ordinary end extraordinary waves,
respectively. Values of n' and n _ are shown for 0 <, < 5 in Figure 1 for the case of

fl = 0.25 and y = 0.6, 0.4, 0.2, and 0. In Figure 2 n is expressed in a complex plane,
which may be useful for a general view of its character; that is, n_' is much larger
than n_' for large values of. and Y, so the extraordinary wave decays rapidly in
this case; and n_ is nearly constant for n > 1, so that the phase shift is independent
of 7.

Using equations (7) and (8), we obtain

Ez = E+ exp(jn:_)+E_ exp(jn2_) E_ =jE+ exp(jn_5)-iE_ exp(jn2_) (9)
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n2, y = O.
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nl _Y= 0.4

LY,= 0.6 E 1

I 2 3 4

FIGURE l. Values of _i, hi, n2, 2 at _=0.25.

5

where _ is a non-dimensionalized plasma depth defined as

¢o 27r

c A ~

and h is the wavelength of' the microwave in vacmun.

(I0)

PHASE SHIFT AND ATTENUATION DUE TO A PLASMA SLAB OF
FINITE DEPTH

The incident, reflected, and transmitted waves through a plasma slab bounded

by quartz slabs (of the same thickness as the plasma) are depicted in Figure 3.
........ L_ Sl_O,,l_l .... ;a_v ¢.h_ fivo__ln.h configuration, since, unless theJL_I_OI'UtI,_I_ _ one . .............................
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FIGURE 2. Values of nl and n2 on a complex plane at/9 = 0.25.

microwave system is imbedded in the quartz, the quartz slabs are bounded by air

(or vacuum). However, it has been found from experience (1) that a five-slab

analysis introduces no significant alterations to the three-slab analysis, and thus

does not warrant the significantly increased amount of algebra involved. With the

amplitude E kno_3a, the other quantities, A, B, C, and D, can be determined by

the boundary condition that the electric field strength and its space derivative

must be continuous at the boundary. From this one obtains

B = E 4nn o exp [-j(n o- n)d]

(n + "0)5_ (n- no)2 exp (2/,J) (l l)
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QUARTZ

no

E.exp(-j_t + jno_ )

D,exp (-j_ut- jnoz')

PLASMA

n

A. exp(-j_Jt + j n'z' )

C" exp (-j_t-jn_')

z

QUARTZ

no

e_

B-exp(-jM + jnoz )

FIGURE 3. Propagation through a bounded plasma.

In the absence of the plasma, the value of B, denoted by Bo, is

Bo = E 4n o exp [-j(no- 1)d]
(1 +no) 2- (1 -no) 2 exp (2jd)

Thus the relative phase shift, (9 (in radians), and attenuation, A (in nepers),
between two paths of the microwave, one through the plasma and the other through
vacuum, can be expressed as

B (1 + no) 2 - (1 _%)2 exp (2jd)
~ n exp [-j(1-n)d] (12)

exp (-j(9-A) = Bo (n+no)2-(n-no): exp (2jnd)

Introducing an "effective refractive index", N, and Re and Im for the real and
imaginary parts of the coefficient of the exponential term in equation (12), we
obtain

exp I-j( l - N)d] = (Re + Im) exp [-j(l - n)d] (13)

From equation (13)

N = n+l~ ln(Re2+Irn2)+jtan-1 ReJjd
and

6) = (1-N')c7 or 0 =-_O = I-N' (15)
d

A N" (16)A =N"_l or a== =
d

where N' and N" are the real and imaginary parts, respectively, of N; and 8 and
a are normalized shits and attenuation, respectively.
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FIGURE 4. First-order terms in phase shift and attenuation.

5

In the presence of a magnetic field the polarization of a plane-polarized incident

wave undergoes a rotation. If the receiving horn on the far side of the plasma is

placed parallel to x, which is also the direction of polarization of the incident
wave, then

B___= 1 {exp [ -j( I - _N1)d] + exp [ -j(1 - _Y2)d]}
B0 2
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FIGURE 5. Zero-order, nonlinear terms in phase shift and attenuation.

and the resultant phase shift and attenuation are

O= I Nl+N22 _-lta'n-ld t anh"_-_'2d'tan- _ d (17)

NI+N 2 1 Ill eosh (N_'-N_)d+ eos (N1-N2)d (18)
a= 2 2d

N"+N" 2The terms (N'l+N'2)/2 and ( _ 2)/ represent first-order terms in the phase

shift and attenuation, while the other terms indicate the nonlinear behavior.

Assuming 21 = n (which implies V < 1, as will be seen later), typical values of the

first-order terms are shown in Figure 4; and, assuming further that d=l, the

nonlinear terms are shown in Figure 5. It is seen from Figure 4 that the first-

01.'(1121." uerlu [ValiUJ.Ol"r/<I), ' _, ._. :......... .1 __._...... _-:..... :_-t._lW_l_y5 I'_UlU_ Ill IIIUI'_L_SeIA I:I_IaUI_IILItOaUIUII _/lbll



OSHIMA: Microwave Diagnostics 255

magnetic field, while the nonlinear term (Figure 5) tends to decrease the attenua-
tion. In general, it is clear that the overall behavior in 0 and a is a very compli-

cated function of d as well as v/, fl, and y.

Small _ Approximation

If 7/< 1 equation (18) simplifies to

1 (1 +?)7/

where

where

P

Re' = - (1 -n 4) sin u d+(1 -n_)e[ sin d cos
4n_+ (1 -n_) 2 sin 2

Ira' = 2°°(1 -- n2o)sin J cos d + (1 - no)212,/o - (1 + ,/0) 2 sin 2 did
4n_o+ (1 - n_) 2 sin 2

If we retain only the zero order term in (n-l) we obtain

N = n (21)

If the first order term in (n-1) is retained,

N'= n'+Im' (n'-- 1) + Re' n"
d d

N"= ,,'- (,.'-
d d

from which n can be deduced from measured values of N' and N", equations (15)

and 06), as

n' = I+P(N'-I)+QN" n" = Q(N'-I)+P(N") (22)

(i+irn,/_)2+(Re,/_l)2 Q = \ d / (l+lm'/d)2+(Re'/d) 2

P and Q are shouqa in Figure 6. It is seen that the dependence of P and Q, and,

consequently, of n, on d is quite complex. The values of d corresponding to a

plasma thickness of 1 cm and with microwave at X-band and K-band are indicated
in the figure. From these it is seen that X-band would be a poor choice, while at
K-band the nonlinear effects are negligible.

9*

s
?t 1 = 1

2 (1+7)2+fl 2

1 fl_/ (19)_r -----

nl 2 (1 +_,)2+fl 2

, 1 (1 -- _,)_
n_ = 1 2(l-y)2+fl _

,, 1 f3_
_2 = 2 (l-_)2+fl 2

Further, if _ < 1, n_ 1, so that equation (14) can be expanded in a power series
in (n-l)

N = n-t (Re'+j Ira')
j[l (n - 1 )+ O[(n - 1 f] (20)
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FIGURE 6. First-order, nonlinear effects in phase shift and attenuation.

EXPERIMENTAL STUDY

The experimental study is carried out with a plasma produced in a small super-
sonic wind tunnel (test section 16 mm in y-direction and 13 mm in z-direction) by
the discharge from a 13-megacycle field imposed across the flow in the y-direction.
The plasma is thus a nonequilibrium cold plasma. The static pressure in the flow
(of nitrogen gas) is typically around 10 mm ]-Ig, and the Mach number about 2.
The magnetic field is produced by a pair of solenoids straddling the flow. The
microwave propagal_es .........tm-uugH'-"u,v..... .oJ_,_--in the _:_. _........ _,_¢,t._,,__.,_,,_,,,.,,_._l_-^:.l_ S ............._'_"*;_
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diagrams of the wind tunnel-solenoid combination and the microwave inter-

ferometer are sho_ in Figures 7 and 8. Figure 9 shows a photograph of the experi-
mental set-up. Detailed descriptions of the experiments may be found in Oshima
(1) and Pass (2).

In the experiments both K-band and X-hand interferometers are used. The

results with X-band, at a wavelength of 3 cm which is larger than the depth of the
plasma, are quite unsatisfactory. The K-band results, with a wavelength of 1.2 cm,
are deemed acceptable in the absence of the magnetic field. The slab height of
16 mm was shown in Oshima (1) to be an adequate approximation of an infinite
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Stagnation 
Pressure 
(cm He) 

5 

FIGURE 9. Experimental set-up. 

Heating 
Power 

High 1 0.075 i 0.014 I 10.7 x 1011 1 2 . 9 ~  1O1O 

slab. In Osliima (1) microwave measurements, utilizing the same apparatus as in 
the present work, with polystyrene sheets 30 cm x 30 showed results which were 
the same as those obtained with small sheets cut to  fit the interior of the small 
wind tunnel test section. Typical results for zero magnetic field are shown in 
Table I. The notation “Heating Power” refers to  the power in the 13-Mc exciting 

TABLE I. ELECTRON DENSITY AND COLLISION FREQUENCY IN NITROGEN FLOW 

10 High 0.083 
10 1 Low 0.054 

0.028 12.2 x 1011 5.1 x 10lo 
0 7.9 x 1011 

15 ~ High 
15 Low 

I 

field. At lorn power the attenuation is not detectable because of the fact t,hat the 
plasma thickness is only about equal to the wavelength. The calculations leading 
to ne and v are based on equations (19) and (21), since 7 < 1. 

0.075 0.035 10.7 x 10” 7.1 x 1Olo 1 5.7 x lo1’ 
0.040 ~ I 
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In the measurements with magnetic field, results are quite inconclusive, for the

following reasons:

At low magnetic field (less than I kilogauss) the measured values of phase shift.

and attenuation differ from those measured in the absence of the magnetic field

with the same flow conditions and the 13-Me input by very little, being of the order

of the experimental scatter. At higher magnetic field (greater than 1 kilogauss) the

conditions of the plasma are clearly affected by the presence of the magnetic

field so that it is not possible to draw meaningful conclusions. Visually, the color

of the plasma changes when the magnetic field is increased, and the highly luminous

part of the plasma extends closer to the tunnel walls. Quantitatively, the static

pressure in the flow, which increases when the 13-Mc power is turned on (due to

the heating of the gas by the discharge), decreases when the magnetic field is

increased, resulting in an apparent increase in the flow Mach number. This effect

is sho_-n by the data presented in Table II.

TABLE II. CHAI_a.CTERISTICS OF NITROGEN FLOW WITH _LkG._ETIC FIELD

Stagnation Static Magnetic
Pressure Pressure Field Input t

(em Hg) (mm Hg) (k/gauss) (kW) M

5 5.5 0 0 2.096

5 l0 0 1.6 1.444

5 9 1.2 1.6 1.549

10 8 0 0 2.300

10 11 0 1.75 1.912

10 10 1.2 1.75 2.023

10 8 0 0 2.300

10 15.5 0 2.0 1.546

10 14.5 1.2 2.0 1.616
J

15 10 I 0 0 2.416

15 15 I 0 2.0 1.913
L

i

15 14 1.2 2.0 1.991

I

Energy input to the 13-Me power tubes = plate current x plate voltage.

An explanation for the observed effect of the magnetic field may lie in the fact

that the electron cyclotron radius for the experimental conditions is comparable

to the electron mean free path (with respect to collisions with heavy particles),

so that the presence of the magnetic field tends to reduce the collision frequency,

which, in turn, reduces the decay rate in the nonequilibrium plasma used in the

experiment. That this postulated mechanism is plausible is surmised from the

decrease in the static pressure. Thus, the basic properties of the medium, with

regard to density and temperature, are altered by the presence of the magnetic

field, so that any apparent changes in propagation characteristics cannot be

attributed to the magnetic field alone.
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CONCLUSIONS

It is shown by analysis that the presence of a magnetic field in a plasma renders

the effect of the thickness of the latter nonlinear with respect to the propagation
of microwaves.

The changes in phase shift and attenuation due to tim presence of the magnetic
field are not monotonic with respect to the strength of the magnetic field, because
of the nonlinear effect of the plasma thickness.

The properties of a plasma, especially a nonequilibrium plasma, may be so

altered by the presence of a magnetic field as to render very difficult the interpre-
tation of the measured results with a microwave interferometer.
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14. Charles E. Shepard and Velvin
R. Watson:Performance of a
Constricted-Arc Discharge in a
Supersonic Nozzle

__ The application of the wall-constricted electric arc to the heating of

gas flowing through a DeLaval nozzle is discussed. It is shown that a

direct-current arc can be maintained through the nozzle throat without

disrupting the supersonic flow. High enthalpies are obtained by

elongating the throat to form a constrictor t_gbe. The behavior of the

device can be de.scribed by the arc-column a_wtlysis of Stine and Watson

in which radial conduction is assumed to be the only heat-loss mecha-

nism. The measured radial and longitudinal enthalpy profiles are

similar to those predicted by the theory.

INTRODUCTION

A new plasma generator has been developed at the Ames Research Center which
produces a supersonic flow of gas at very high enthalpies. The design, based on the
analysis of the constricted arc by Stine and Watson (1), has been successfully
tested with mixtures of nitrogen and air and mixtures of nitrogen and carbon
dioxide. The generator produces a stead)- supersonic gas stream, but the total
enthalpy has a large gradient in the radial direction. With nitrogen, the aver-

age enthalpy of the stream is approximately 30,000 Btu/lb, whereas the center-
line enthalpy was estimated to be 80,000 Btu/lb.

The purposes of this paper are to describe the new plasma generator, to present
the experimental results obtained during recent testing, to compare the results
with the theoretical analysis of Stine and Watson (1), and to discuss the pertinent

arc-column scaling laws.

APPARATUS

The new plasma generator developed at Ames, called the constricted-arc super-
sonic jet, is shown schematically in Figure la. A conventional plasma generator
for wind-tunnel u_ is shown for comparison in Figure lb. In the conventional
plasma generator, the gas is heated prior to entering the supersonic nozzle, but
much of it b)Tasses the hot arc and remains cold. If the gas is allowed to reach a
uniform temperature in a plenum chamber, additional heat is lost to the plenum
chamber walls, and the energy of the gas in the test section is always far less than

ED. NOTE" Mr. Shepard and Mr. Watson are with the Ames Research Center, National
Aeronautics and Space Administration, Moffett Field, California.
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FIGURE la. Arc-heated supersonic jet, constricted arc.

_GAS INJECTOR F_ ONIC

0

I EXHAUST

ELECTRODES

FIGURE lb. Arc-heated supersonic jet, conventional arc.

the energy of the gas within or near the arc column. In the constricted-arc super-

sonic jet, however, the arc is forced completely through the nozzle, thus providing

continuous heating of the gas up to the test section. All of the gas thus passes

through or very near the arc column. Therefore, the energy of the gas in the test

section of tile constricted-arc supersonic plasma jet is much nearer the high energy

of the gas within the arc column.

Two sizes of the constricted-arc supersonic jet were tested. The first had a

¼-inch-diameter throat and is shown in Figure 2a, and the second had a ½-inch-

diameter throat and is shown in Figure 2b. The three basic components of both

units are the supersonic nozzle, the cathode at the upstream, or subsonic, end of the

nozzle, and the anode at the supersonic end of the nozzle.

The nozzle has an extended throat to constrict the arc and provide high heating

at relatively low arc currents. The throat must withstand the high heating rates

developed at the edge of a constricted-arc column and must, at the same time,

support the voltage gradient impressed along the arc. To meet the requirements

for good thermal conductivity in the radial direction and good electrical insulation

in the axial direction, the nozzle consists of water-cooled copper disks separated

by boron nitride insulating wafers.

The cathode must be capable of carrying large currents without contaminating

the test gas. A pointed, thoriated tungsten cathode, shielded by nitrogen, provides

a steady attachment point for the arc column with negligible contamination.

a(l(le{Li:l, 1J_, uz, ygen-ricn air can be at the gas mle¢ _o
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FIGURE 2a. Schematic diagram of constricted-arc supersonic
throat.
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FIGURE 2b. Schematic diagram of constricted-arc supersonic jet, ½-inch-diameter
throat.

produce the proper mixture in the test section.) A commercially available plasma

torch is used in each unit as the cathode and shield.

The anode is in the low-pressure, supersonic end of the nozzle, so the arc attach-

ment to the anode is diffuse. The anode can, therefore, withstand large currents

with long lifetimes without a need for magnetically moving the arc attachment

point. To assure a symmetric current distribution, the anode is segmented circum-

ferentially, and each segment is connected to the power supply by means of a

ballast resistance. In the _-inch-diameter unit, the segmented anode consists of

six water-cooled loops of copper tubing placed downstream of the nozzle. In the

½-inch-diameter unit, the anode consists of 24 water-cooled copper blocks attached

directly to the end of the nozzle. (See Figure 2".)
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RESULTS 
The results of the recent experimental testing of the plasma jets verified that the 

arc can be passed through the nozzle without disrupting the supersonic flow, and 
that very high enthalpies can be reached. Shock diamonds emerged from the 
nozzle as the current was increased from a very low value to the design current, 
indicating that the flow was supersonic. High-speed photographs indicated that the 
flow was very steady. Selected frames are shown in Figure 3. 

Conventional steady-state instrumentation was used to measure current, voltage, 
cooling-water flow rates and temperature rises, gas flow rate, and plenum chamber 
pressure for the two units. Calculations of the power released to the gas and 
calculations of the power loss were carried out from the measurements of current, 
voltage, and cooling water flow and temperature-rise, 
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An average total enthalpy at the end of the constant-area throat section was
determined by dividing the gas flow rate into the net power remaining in the gas
at that location. Figure 4 shows enthalpy as a function of gas flow rate for various
currents, together with the approximate plenum chamber pressure. Average
total enthalpies in excess of 30,000 Btu/lb were obtained for the ¼-inch-diameter
unit at about ½atmosphere of pressure. The average total enthalpy for a few runs
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was also determined in the test section of the ¼-inch-diameter unit from the power
balance described above and the power absorbed in a tube and shell heat exchanger.
It was found that the enthalpies obtained from the two methods agree within 12

per cent. The test section enthalpy was generally somewhat higher than the con-
strictor outlet enthalpy given in Figure 4.

Detailed measurements were made of the voltage drop between the cathode
and the various constrictor-nozzle disks and of the power absorbed by each of the
disks for the i-inch-diameter unit. Calculations were then made of the longitudinal
distribution of power released to the gas, heat flux to the walls, and average total

enthalpy. The buildup of average total enthalpy with longitudinal distance is
shown in Figure 5 for several values of current and flow rate. The enthalpy level
and the rate at which it increases is a function of the current and flow rate. The

enthalpy rises more quickly at low flow rates and in some cases reaches an asymp-
totic value in the throat section. A further increase in enthalpy takes place as the
gas leaves the constant-area section and enters the divergent (supersonic) region
of the nozzle.

Profiles of impact pressure and stagnation heating rate to a ½-inch-diameter,
flat-faced calorimeter probe were measured in the test section of the ½-inch unit.
In order to deduce the enthalpy profile shown in Figure 6, it was assumed that the
heat flux was proportional to the first power of enthalpy and to the square root
of impact pressure. There was no region in the test section for which the enthalpy
gradient was small; the center-line enthalpy was estimated to be 2.7 times the
radially-averaged enthalpy of the test stream. Although the generator does not
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FIGURE 6. Typical radial profiles of impact pressure and stagnation-point heat transfer

to a ½-inch-diameter, fiat-faced calorimeter probe and derived total enthalpy profile

(½-inch unit).

provide a uniform stream for testing large models, it does provide high heating
rates for small models. The gas used for most of the tests was nitrogen, but a few
tests with air indicated that results were nearly the same for both gases. Both
units were also operated with carbon dioxide (with a small amount of nitrogen

shielding the cathode), and there was little change in the operating characteristics
of the units; in other words, the flow was steady and supersonic.
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COMPARING EXPERIMENT WITH THEORY

One of tile features of the arrangement of the supersonic-arc plasma jet is that the

gas heating process in the throat is amenable t_) analysis. In fact, the two plasma

jets tested were designed with the aid of the theoretical analysis of the constricted-

arc by Stint and Watson. Most of the heating takes place in the throat where the

cross-section area is small; the simplified mathematical model of the arc column

analyzed by Stine and Watson may be used to represent the arc column in the

throat. The theoretical analysis presents the distribution of enthalpy and current

in an axisymmetric are column in which the dominant mechanism of energy loss

from the column is radial conduction, and for which the specific mass flow, pu,

is constant. The relations between the state properties, enthalpy, electrical

conductivity, and thermal conductivity potential, are linearized. The remaining

characteristics of the column, such as voltage and heat flux, can be determined

from the kno_n enthalpy and current distributions.

To determine the degree to which the linear analysis can describe the arc-

column characteristics, a series of comparisons was made between the experi-

mental measurements and the predictions of the analysis.

Heat Flux

The analysis of Stine and Watson predicts that the heat flux to the elongated

throat will be a function of enthalpy and will be independent of gas-flow rate.

Figure 7 shows the experimental measurements of heat flux as a function of the

average total enthalpy. The flow rates are also shown beside each data point.

From this figure it can be seen that the heat flux is insensitive to the flow rate,

but does correlate reasonably well with enthalpy, as predicted by the analysis. A

straight line fitted to the data indicates that radiation is not important.
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Voltage Gradient

The analysis also predicts that the voltage gradient will approach an asymptotic
value as the gas-flow rate is decreased. The measured voltage gradient, shown in
Figure 8, appears to approach an asymptotic value of about 500 volts/ft. Since the
data are for a range of enthalpies, it appears that the voltage gradient is independent
of enthalpy as predicted by the theory of Stine and Watson.
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FIGURE 8. Voltage gradient as a function of nitrogen flow rate for the ¼-inch-diameter
constricted-arc supersonic jet; z = 0.15 feet, I = 183 amperes.

Enthalpy Distribution

The analysis predicts that tile increase of enthalpy with axial distance will be
given by the equation,

he = h_,._(1-e -11'G _/_0)1/2

where

hE._ = 4.08x10 -a and e0 = _

and the constants %/k and A represent the slopes of the straight-line approxima-
tions to the relationships between h and _ and between _ and q_, respectively;
I is the current, re is the eolumn radius, and _b is the mass flow rate. The values
of k and A are not known accurately, and, therefore, accurate predictions of
enthalpy cannot be made from purely theoretical calculations. Furthermore, the
relationships between h and q_ and between a and q5 may be--in fact, probably
are--nonlinear, so that the linear approximations will introduce further inaccuracy
into the analysis. These relationships can be estimated from the theoretically-
computed values of thermodynamic and transport properties, and eleetrieal
conductivity. The estimates shown in Figures 9 and 10 for air and nitrogen use
the thermodynamic and transport properties from calculations by Hansen (2),
and Ahtye (3), and electrical conductivity from calculations by Viegas and Peng
(4), and Yos (5). The location of the straight line which best approximates each of
these relationships is not obvious, and, unfortunately, a small change in the
location of the line appreciably affects the value of the enthalpy predicted by the
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in Figures 7 and 8; in particular, a line dra_Ta through the data in Figure 7 deter-

mines the line in Figure 9, and the value of E (of Figure 8) at zero mass flow

determines the line in Figure I0. The prediction based on these deduced values of

cp/k and A is shown in Figure 11, and the experimental measurements are shown

for comparison. The use of the values of Cp/k and A deduced from measurements

made in the }-inch unit influences the agreement of the asymptotic enthalpy and

the length required for the enthalpy to approach the asymptotic value for the
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parameter, HEr�I, versus dimensionless axial distance, z/z o.
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of experimentally determined enthalpy

_-inch unit. However, the shape of the theoretical curve is not prescribed by the

use of these values; tile data therefore verify that the analysis predicts qualitatively

tile rate of increase of enthalpy with axial distance. Furthermore, the experimental

data for the 1-inch unit agree with this curve, so it appears that once the values of

%/Ic and A are determined experimentally, the analysis predicts quantitatively

the enthalpy for constrictors of all sizes.

Radial Enthalpy Profile

The analysis predicts that the radial profile of enthalpy ill the constrictor will
be a Bessel function of the first kind and of zero order. The ratio of center-line

enthalpy to radially-averaged enthalpy would then be 2.3. The estimated ratio

of center-line enthalpy to average enthalpy based on measurements at the end of

the nozzle was 2.7 (see Figure 6). Therefore the enthalpy profile appears to be

more peaked than tile analysis predicts.

SCALING LAWS

Laws for scaling the constricted-arc supersonic jet can be deduced from the

analysis for the range of throat sizes and pressures for which the flow remains

laminar and for which the conduction heat loss is much larger than the radiation

loss. The sizes and pressures for which the flow becomes turbulent are not known;

however, theoretical calculations indicate that radiation losses become important

in the ½-inch unit at pressures over 10 atmospheres. Stine and Watson treat the

scaling laws in detail, but we shall here present only the more interesting results.

Length and Flow Rate

The throat length and the mass flow rate do not affect the enthalpy independ-

ently. Only the ratio of z/_b appears in the solution. Therefore, an increase in

length is equivalent to a decrease in flow rate. For this reason, the dimensionless

length, Z/Zo, where Zo = ?i,Cp/rr]¢, is used imreafter.
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Enthalpy

The radially averaged enthalpy is given by
I z

where

f (_o) = {1-e-ll.s z/zo)112

For constant Z/Zo, the enthalpy increases as the first power of current and increases
with the inverse of the thront diameter.

Voltage Gradient

The voltage gradient is given by

and is independent of current.

Heat Flux

The heat flux to the throat wall is given by

q oc -_ f

or

For a given enthalpy, the heat flux decreases with increasing diameter. Therefore,
assuming a given throat-coohng capability, the highest enthalpies should be
obtained at the largest diameter for which the flow remains laminar and for which
the radiation loss can be neglected.

CONCLUSIONS

We conclude, therefore, that an arc can be passed through a supersonic nozzle
without disrupting the flow, that much higher enthalpies can be achieved by this
process than from the more conventional plasma generator arrangements, and that
the qualitative characteristics of the constricted-arc supersonic jet can be predicted
from the analysis of Stine and Watson.
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NOMENCLATURE

Parameter of the approximation a=A¢ used by Stine and Watson

mho-sec/Btu

Specificheat at constantpressure,Btu/Ib°F
Diameter

Voltage gradient,volt/ft

Local totalenthalpy,Btu/Ib (definedas zero at530°R)

Mass average totalenthalpy,Btu/Ib (definedaszeroat 530°R)

Radiallyaveraged enthalpy,Btu/Ib (definedas -3500 at 0°R)
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I
k

P
P_
q
q_
r e

Z

Zo

O

Subscripts

()_
()c
()_

Current, amperes

Thermal conductivity, Btu/ft °R see
Pressure, atmospheres

Impact pressure, mm Hg
Heat flux, Btu/ft 2 sec

Stagnation-point heat flux, Btu/ft 2 sec
Radius of the current-carrying cylinder, ft

Gas mass flow rate, lb/sec
Axial distance along the column (1), ft
_%/.k (1), ft

Conductivity function, fk dT, Btu/see ft (defined as -0.3 at 0°R)

Value at large z/z o
Downstream end of constrictor
Center-line value

REFERENCES

1. Stine, Howard A., and Watson, Velvin R., "The Theoretical Enthalpy
Distribution of Air in Steady Flow Along the Axis of a Direct-Current Electric
Arc", NASA TN D-1331, 1962.

2. Hansen, C. Frederick, "Approximations for the Thermodynamic and Transport
Properties of High-Temperature Air", NASA TR R-50, 1959.

3. Ahtye, Warren F., and Peng, Tzy-Cheng, "Approximations for the Thermo-
dynamic and Transport Properties of High-Temperature Nitrogen with
Shock-Tube Applications", NASA TN D-1303, 1962.

4. Viegas, John R., and Peng, Tzy-Cheng: "Electrical Conductivity of Ionized
Air in Thermodynamic Equilibrium", ARS Journal, 31, 5, 654 (1961).

5. Yos, Jerrold M., "Transport Properties of Nitrogen, Hydrogen, Oxygen, and
Air to 30,000°K '', AVCO Corporation Technical Memorandum RAD-TM-63-7,
March, 1963.



15. Philip Brockman, Robert V. Hess,
and Richard Weinstein:
Measurements and Theoretical

Interpretation of Hall Currents
for Steady Axial Discharges in

Radial Magnetic Fields

__ Experiments for a Hall-ion accelerator are presented using axial

electric fields and radial magnetic fields. Measurements of the variation

of Hall currents with magnetic field .for various constant axial currents

are presented together with voltage variations. The pressures in the

experiments vary from 15 to 40 p_, the macjnctic fields ,from 0 to 500

gauss, and the currents from 1 to 40 amperes. The Hall currents first

increase with magnctic field and then decrease afain as the magnetic

field is increased. The variation can be interpreted in terms of Joule-

and ion-slip losses for the partially-ionized plasma used in the

experiments. The effect of transition to turbulence is also evaluated and

the present state of the theory for turbulent conduction is discussed.

Preliminary experiments for preionizatio_ and for the heating of

ring-shaped cathodes to thermionic emission are discussed.

INTRODUCTION

The research on acceleration of plasmas or ions in plasmas using azimuthal Hall

currents and radial magnetic-field components has gro_ considerably since the
early work on Hall current plasma accelerators at the NASA Langley Research
Center (1), and the subsequent description of an added ion acceleration mechanism

for improvement of a travehng wave accelerator by AVCO Everett Research
Laboratory (2). The final grouping of the latter mechanism of ion acceleration under
the principle of Hall-ion acceleration is based on the efforts of many research
laboratories: Electro-0ptics, General Electric, the Lewis and Langley Research
Centers of NASA, and United Aircraft. A history of the development of Hall

ED. _OTE: Mr. Brockman, Mr. Hess, and Mr. Weinstein are with the NASA Langley
Research Center, Langley Station, Hampton, Va. The research for this
paper was performed in the Plasma Physics Section of the Magnetoplasma-
dynamics Branch. Part of the material in this paper has been presented by
Mr. Brockman as a thesis in partial fulfillment of the requirements for the
degree of Master of Arts at the College of William and Mary.
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current accelerators is given in reference (3) in the section "Acceleration Using
Hall Currents". (Note: one of the earliest contributions published in this field, ref-
erence (17), was omitted in this review.) The reason for the interest in Hall current
accelerators is that they offer the possibility of magnetic containment, increased
uniformity of discharges, reduction in electrode erosion, and operation over a very
wide range of density and specific impulse.

There are several reasons for measuring Hall currents. One more or less obvious
reason is that it gives an independent check of the thrust, which can be compared
with direct thrust measurements. In this connection it should be noted that the

total voltage drop must overcome the losses as well as accelerate the ions, so that.
this voltage drop is only a true measure of the acceleration of the ions if the losses
are small.

The present measurements of Hall currents differ from those previously per-
formed at the Langley Research Laboratory (4, 5), in that a much greater number of
measurements were made at various axial currents and magnetic fields. By cross-
plotting the results to indicate variation of Hall currents with magnetic field at a
variety of constant axial currents, it was possible to establish more definite trends
which were only suggested by the experiments in reference (5). Simultaneous
measurements of the variation of axial voltage drop with magnetic field were also
performed. In the present experiments measurements were also made over a wide
current range for considerably lower pressures than previously reported by us.
A special effort has been made to evaluate up to what point the novel effects can be
interpreted through conventional loss mechanisms rather than through the popular
field of plasma turbulence.

Finally, it should be pointed out that the Hall current apparently can provide
vital information on certain anomalous or "turbulent" conduction effects which

have recently received considerable attention. In the first (to our knowledge)
study of instabilities and turbulent conduction effects in a Hall current accelerator
which was conducted at the Langley Research Center (6), probes which were

placed in the azimuthal direction of the Hall current indicated that although coaxia 1
symmetry was imposed by the electrodes and the magnetic-field distribution, the

plasma did not maintain symmetry under all conditions. At the same meeting
Dr. Buneman independently emphasized in the Round Table Discussion, the
importance of checking for plasma asymmetries in geometrically symmetric
experimental arrangements. The azimuthal Hall current could be especially
sensitive to deviations from symmetry and thus could offer a clue to the transition
from conventional to turbulent conduction. Preliminary application of these
concepts to the Hall-ion accelerator are discussed in the preprint with more details
to be presented in the talk.

Experiments for the preionizer and the thermionically heated cathodes have to
date been made in a separate test apparatus. The preionizer was designed and
operated by J. Burlock and T. Collier, and the heated cathode by 0. Jarrett.
Details are given in Appendices B and C.

An experimental study of the influence of preionizcrs and heated cathodes on
Hall currents, electric fields, and oscillations is being undertaken.

The major purpose of this paper is to gain an understanding of the acceleration
mechanisms in a low-pressure Hall current accelerator. From a more fundamental
viewpoint it is the aim to obtain an understanding of the mechanism of electric
conduction across a magnetic field in the presence of ion motion.

Hall currents also have been measured for a high-power, high-pressure plasma
Hall accelerator, and a Hall-ion accelerator operating in this range also has been
constructed. Also note studies made at. Electro-Optics (7).



BROCKI_IA_, HESS, AND WEINSTEIN: HalI Curren# 275

APPARATUS

A schematic of the apparatus is given in Figure 1. The electrodes are 7.3-cm

I.D. inserts within water-cooled holders. The inserts are copper at the anode and

aluminum at the cathode in the experiments reported here, but these may be

easily replaced by any other material. The edges of the electrodes and the glass

are protected from the discharge by boron nitride insulators; these insulators leave

2.54 em of the electrodes exposed to the discharge. The center glass is 7.3-cm I.D.

and the discharge length is 22.86 cm. On either side of the discharge the electrode

holders are connected to glass crosses. These crosses contain Hastings thermocouple

vacuum gauges. The anode cross is connected to the gas input and the cathode cross

leads to the vacuum system. The cathode cross also contains a cantilever support

for a bakelite rod which, in turn, supports an iron bar in the center of the discharge.

The iron bar is centered under the magnet and is 22.9 cm long, the bar is 3.16 cm

O.D. and has a 1.27-cm hole through the center. This hole contains a teflon rod

which is screwed to a boron nitride insulator at the anode end and to the bakelite

rod at the cathode end. The iron bar is covered by a 38-cm pyrex tube. This

cantilever arrangement was designed so that the accelerator can be mated with

any t_e of preionizer at the anode and without changing the configuration or

interfering with the flow from the preionizer. The magnet solenoid is 2.8 em long

and its center is 10.16 cm from the anode and 12.7 cm from the cathode. It is a

450-turn coil and is powered by ten 6-volt batteries; it is current controlled by

means of a variable resistor. A search coil is mounted 4_ cm from the center of the

magnet on the cathode side. This is a 100-turn coil and is connected in series with

a ballistic galvanometer. The arc power supply is a 700-volt, 1400-ampere motor-

generator set and is connected to the electrodes through a 10.37-ohm ballast

resistor. The pumping system consists of a cold trap, a 14-inch diffusion pump, and

a Stokes vacuum pump. Figure 2 is a diagram of the magnetic field configuration

for an average radial field of 100 gauss---a rapid increase of axial field strength occurs

above 500 gauss due to saturation of the iron bar.

The investigations reported here are a study of the basic mechanisms of the

discharge. The pumping system at this time is not adequate to remove the mass

flow due to high ion currents. As a consequence, during operation there is a pressure

rise at the pump entrance and a pressure drop at the gas inlet. This results in

z/'_ O- I_ ING V,4C#H M _AL

/ /---:_ON COleE

/ ._NODE_ / / / / /--CAT_OD_

L-- C_INTI L_'VI_ OJMI D

$ rJp_O_T

FIGURE 1. Schematic of apparatus.
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a flow of neutral particles from cathode to anode. The back flow or circulation

of neutrals permits the maintenance of high ion currents. A larger vacuum

system (four 35-inch diffusion pumps) is now under construction, to be used for

experiments at high specific impulse.

OPERATION OF DISCHARGE AND MEASUREMENTS

As the solenoid is in the center of the discharge, the radial magnetic field reverses

direction from the anode side to the cathode side of the discharge. This will also

reverse the direction of the Hall current and of any gas rotation as these are

functions of v x B. However, the forces will remain in the same direction as these,

in turn, are functions of (v x B) x B. Thus, the reversing magnetic field has the

advantage of tending to destroy any gas rotation which may build up on one side

FIGURE 2. Schematic of magnetic field configuration.

of the magnet. On the cathode side of the discharge the gas will enter with any

rotation that has built up; on the anode side the rotating force will then be reversed

and the average rotation on the cathode side should be close to zero.

The discharge for these experiments was operated with no preionizer. Thus, all

ionization was supplied by the electric field. Starting ionization was supplied by a

Tesla coil, but this was turned off before any measurements were taken. Voltage

and current were monitored on standard meters and also recorded on a Consoli-

dated Electric Co. oscillograph. Pressure was monitored on two Hastings thermo-

couple gages and also recorded on the oscillograph. Hall current was measured by

means of a 100-turn search coil and ballistic galvanometer. The discharge was

turned off and the collapsing magnetic field of the Hall current induced an EMF
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meter through a 15-ohm resistance; the current through this circuit was integrated

by the ballistic galvanometer giving the total charge. This charge is proportional

to the original Hall current. The ballistic galvanometer was calibrated by placing

two 80-turn coils in place of the Hall current. These coils were 5.3 cm in diameter

and 7 cm in length. The ballistic galvanometer was calibrated by running various

currents through the coils. The direction of current was reversed in the two coils to

represent the Hall current. When the current was turned off, the reading on the

galvanometer was taken. The calibration was retaken at several magnetic field

strengths in order to see if any saturation of the iron bar was affecting the readings.

A slight drop in reading was noted at 550 gauss but this drop was within reading

error. However, the sudden increase of the axial field at saturation may explain

the sharp dropoff in Hall current. This effect is negligible below 550 gauss. The

ballistic galvanometer was calibrated in amperes and the area of the Hall current

was estimated at 17.79 cm 2. According to visual observation the discharge area

did not vary much above a magnetic field of _ l0 gauss. The current was multiplied

by 104/17.79 to give amperes/m 2. The axial current was multiplied by 104/30.59 to

give amperes/m 2 and the arc voltage multiplied by 100/22.86 to give volts/meter.

Mass flow was measured by a tri-flat flow tube and a standard pressure meter.

Magnetic field was calibrated versus current in magnet by a gauss meter. Magnet
current was set with a standard ammeter.

In operating the discharge, pressure was set using a variable leak; the voltage

across the electrodes and the magnetic field were preset. The discharge was started

with the Tesla coil and when voltage and current oscillations as observed on the

meters had settled out, the oscillograph was started and the switch controlling

the ballistic galvanometer was depressed. The discharge was then turned off and the

reading on the ballistic galvanometer taken by hand. Ideal operation would have

been to operate the discharge at constant current for various magnetic-field

strengths. However, as the power supply was not current controlled it was both

difficult and time consuming to adjust the current during each run. At each

magnetic-field strength the discharge was started at various voltages; the running

voltage and current were allowed to adjust themselves. After preliminary data

reduction, more data were taken in regions of interest. In order to extend the

range of currents at high magnetic-field strengths, it was sometimes necessary to

start the discharge and then decrease the voltage. Data were taken at 15, 30, and

40 microns and these data are presented in the form of arc voltage in volts/meter

and Hall current in amperes/m 2 plotted versus arc current in amperes/m 2 for

various magnetic-field strengths.

The data were then cross-plotted to give arc voltage and Hall current versus

magnetic-field strength for various arc currents. These curves are presented in

Figures 3 through 6.

The primary purpose of this study was to measure the Hall currents. Making a

survey of any parameter is time consuming and thus several measurements which

are needed for a complete analysis have not yet been made. A program has been

active for some time to measure local voltage drop with floating probes and to make

some measurements of ion density and electron temperature with Langmuir

probes and double probes. The floating probe errors should cancel if the probes are

close together so that the plasma conditions are equal at both probes. However,

the magnetic field will influence the electron temperature and ion density measure-

ments to some extent (8). The variation of these parameters should be comparable

at any constant magnetic-field strength, but there is some question in comparing

measurements taken at different magnetic-field strengths. An attempt will also
be made to measure velocities and forces in the accelerator.



278 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

e.4 oT,-

L.e- _;_ / j.?o

i ,n-

i_. p/

L ± _ , ; ;o

i

i

_:_i_

_, ,,, _=,,'_- x lc_,

/ :

/ z_, _:._

///

i/"

/ , _:s

(b) p - 30 u _-

v,i,,',

/ ,f'_"
_!ii;: o_/,

_ • :7:, t ./

FIGURE 3. Hall current density versus axial current density for various magnetic

flux densities.

A few basic measurements of oscillations in the discharge have been made with a

simple metal plate capacitively coupled to the discharge through the glass. A

survey of oscillations with probes placed in the plasma will be reported.

INTERPRETATION OF RESULTS

The most striking result found is the increase, peaking, and decrease of Hall

current with increase of magnetic field at constant axial current. The initial

increase of the Hall current with increasing axial current at constant magnetic

field and the I%rm of tim arc voltage versus axial current curves at. constant
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FIGURE 4. Hall current density versus magnetic liux densities for various axial current
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magnetic field has been previously reported (4). The shape of the curves of arc

voltage versus magnetic-field strength are different in certain regions than those

normally reported in, for example, references (9) and (10), but this may be due to

the inherent errors in measuring total are voltage rather than local electric field,

or it may be due simply to our particular operating conditions.

Since the experiments are concerned with a partially ionized-plasma in a

magnetic field and include the motion of ions with respect to neutrals, it is of

interest to see to what extent the experiments can be interpreted in terms of the

conventional generalized Ohm's law including ion slip. The influence of turbulence

is discussed in a later section.

10+
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Repeating equation (A4) from Appendix A, which is the complete equation for

je including motion of ions and neutrals but not turbulence,

1

--Jo = W (j_--neeV_) (1)

The inclusion of 2_rio%% in the term

W - 1 +2eOereO_ir i
O)eT e

gives the influence of ion slip. The ion slip term will increase W and, therefore,

decrease j_ at constant magnetic field. However, solving equation (A2) for E'_,

1 + W _ j_B v=B

E'x - W n _e W (2)

The effect of ion slip on E'_ is more complicated than on ja. The term

1 + W _ 1 O_e% 1 + 2¢OereO_r _

W = W+W = i+2¢OereeO_r-I ¢°ere (3},•
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densities.

Thus for W<<I an increase in o_ri will decrease E_ (through an increase in ion
current) but for W>>I an increase in o_iri will increase E_ (neglecting v0). For
constant Jx the increase then decrease of -j0 is due either to variations of W, vx
or n e with B. At the particular conditions that we operate ne is probably small and
v_ the average (or center-of-mass) plasma velocity is limited, as pointed out in the
section on apparatus. It, therefore, seems that the effect of neevx can be neglected,
for the present case.

A simple explanation of the variation of Hall current with magnetic field can be
based on the variation of W with magnetic field. The following assumptions were
made: first, that neev x was negligible compared to j_, and, second, that r e and _t
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were constant for Jx constant. This second assumption is based on the condition

that r e and ri are not explicit functions of E' x or B. The calculated values of

_oere/B and oJi'q/B in the literature usually depend on the equivalency of electron

and ion temperatures; we know that our low-pressure operation does not justify

this assumption. In order to generate some theoretical curves for je versus B,

equation (1) is rewritten in the form

W = A (4)
-j0

and then for a particular experimental curve a calculation is made of the minimum

value of W, as Wmin=j_/-jo.max. The values of _e%/B and ¢oiTi/B, at j_.m_x,

were then calculated for this case using equations (A11) and (A12).

These values were then divided by the magnetic-field strength at the maximum

J0 point. The resultant values of oJ_Te and wit i were used with equation (A7) to

calculate W as a function of B. Typical plots of 1/W versus B and (1 + W2)/W

are given in Figure 7. Equation (4) was then used to calculate theoretical values of

J8 versus B. Equation (2) was used to calculate values of neeE x versus B. The

sheath voltage was assumed to be equal to the experimental voltage at B = 0, and

i

(p = 30 _g.)

I I I I
.Of .o2 .o3 .O4 .05

_agnetie flux density, B, Webers/m 2

1 I+ W 2
FIGURE 7. Variation of _ and _ with magnetic fluxdensity.
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it was also assumed that n e was constant; for constant, Jx a value of ne was chosen

so that the highest point of the experimental and theoretical E'x versus B curves

would match and the assumed sheath voltage was added to the theoretical curves

so that the bottom points would also match. Thus, only the shape of these

curves can be compared. The method of calculating Wmln, of course, forces the

experimental and theoretical Hall current curves to match at Je.max- In Figure 8

experimental and theoretical curves of je versus B are compared for j_=3930,

5240, and 9170 amp/m2; at jx=3930 amp/m 2, W=un=0.2, B=0.015 web/m 2,

tOe¢e/B=668 , to_TJB=3.32; at jx=5240, Wmm=0.1158, B=0.015 web/m 2,

oJ_re/B=772, w_TJB=2.9; at jz=9170, Wmm=0.1274, B=0.0125, tOere/B=1256,

8xlO 4 -

\
\

\

x ix, a_P/m2
\

\ 9170

Experiment

....... Theory

I I I I
o .oi .o2 .03 .o_ .o5 .06

M_tic flux density, B, Webers/m 2

FIGURE 8. Comparison oftheoryand experiment(Hall current density versus magnetic

flux density).
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Comparison of theory and experiment (electricfieldversus magnetic flux

oJvrJB= 2.55. In Figure 9 the theoretical and experimental curves of E'x versus B

are compared for jz=5240 at 30 microns Hg. We added 247 volts/m to the the-

oretical curve to account for sheath voltage at B=0; for curve matching n e was

adjusted to be 2.67 × 10 TM particles/m 3. This corresponds to a very reasonable low

percentage ionization. The values of ¢oQ-JB show good agreement with theory if

the cross sections, Qi ..... for resonant charge exchange (18) are used in the expression

for ri= _tn/5 = 1/(n,_Qi .... 5). The mean free path _ is at least of an order of magni-

tude smaller than the length of each accelerating section so that sufficient collisions

of ions with neutrals can take place to develop friction between the two species

characteristic of the ion-slip concept. This should even be true when the directed

ion velocities exceed 5. Detailed calculations of (oir i depending on random (tempera-

ture), or directed-ion energies, neutral temperatures, and densities will be presented

elsewhere. Ion-wall collisions must also be considered at pressures slightly below

those reported here. Calculations for oJe'r_/B for a variety of electron temperatures
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considerably in excess of ion temperatures and for various charged-particle concen-

trations also show good agreement. The Hall current curves match quite well and

seem off by only a slight rotation. This can be due to the error involved in neglecting

various effects when calculating Wnun. The E_ does not match as well except at the

low- and high-magnetic-field strengths, where the general curvature is the same.

In matching theory with experiments, one must also be reminded that the values

for E' z in Figures 5 and 6 are based on averaging the voltage drop over the length of

the apparatus including sheath drop. Only isolated measurements have been made

so far of the voltage distribution in the accelerator. A complete survey is, however,

necessary to obtain a more detailed account of the contribution in sheath drop

with varying magnetic field. One should also be reminded that the electric field

appearing in the equations is given by E'_=E_-voB where Ez is the measured

quantity•

Although special care has been taken to reverse B in the acceleration process, a

certain amount of rotation will exist. The effect of rotation can also reducejo/j_, but

it appears unlikely that it would be the sole effect since the drop in Jo beaus at

values of oJiT i (which approximately equals ,_i/rLi) considerably below unity and

the center-of-mass velocity is small. Preliminary observations of the rotational

speed of the discharge also indicate that it is low.

Before it can be stated with assurance that ion slip is the main contributor, and

not turbulence (see next section), several additional measurements are necessary.

These include measurements of ne, %, local measurements of E_, and measurements

of turbulent effects• Also, measurements of electron and gas temperatures would be

helpful in directly calculating values of 7e and ri.

COMPARISON WITH OTHER THEORETICAL APPROACHES

NEGLECT OF ION SLIP AND LOSS-FREE CASE

For negligible values of ¢OeVeOJtTt the ion-slip losses can be neglected and equation

(A4) in Appendix A changes from

CO:e (j_-- n:%)
--Jo = 1 +2W:e_:t

to

• [ neev/l

-Jo =3 'ere  ---3-:,J (5)
where the center of mass velocity v_ in equation (5) does not include the motion of

neutrals• For small values of ion flow, equation (5) assumes the familiar form

-J-_ = _:_ (6)
3_

Equation (A2) for j_ changes for negligible ion slip from

1 +2WereW:t E'_ _-v_
OJe r e B

Jz ---- _e e

1+ (1+ 2WeTeWiTiI2

\ Were ]

to

(7)
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Solving equation (7) for vx and substituting into equation (5) for jo gives

-jo = nee E'_ jx (8)
B (.oeT e

Equation (1) indicates that the inclusion of ion motion will reduce the value
ofjo/j:: below were and equation (8) shows that with increasing were

E'=
-jo "-> nee -_ (9)

Noting that for large we% values j_ in equation (7)

j_ -> %ev_ (10)

the limiting value for Jo/Jx is
p

jo E_ 1
-: -+ (11)
3_ B vx

Since for the loss-free case the ions are electrostatically accelerated,

Assuming E'xl= V,

-_: -_ 4-7- _ (12)

Equation (12) shows how much Jo/J_ will be reduced below the increasing oJere
as the losses decrease with increasing B, if an increase in the flow of ions is allowed.
The transition to smaller losses as B increases beyond the Hall current peak in
Figure 4 is, however, most unlikely in the present experiment.

Another possibility for a decrease in Jo/Jx with B after the peak, for a constant
ix, can be explained from equation (8) in terms of a decrease in r e or a decrease in n e
with increasing B (assuming that E'_/B is constant or increases). Since

1 1

re=_= _nQ_

a decrease in %, barring an increase in ne (which would also decrease jo), would
require an increase in the collision cross section. The possibility of such a decrease
will depend very much on Te and the degree of ionization, which help to determine
whether elastic collisions of electrons with neutrals, or with ions (Coulomb colli-
sions) predominate. Of course, a check has to be performed if such changes in %and
ne could agree with the experimental variation of E'_ with B for high values of
j_ = constant, when ion-slip losses become negligible. The neglect of ion-slip losses
applies when the friction force, lm_u_(v_-%), between ions and neutrals is small.
See equations of motion in reference (6). This is true for dense plasmas with low
percentage ionization and slow acceleration where v, differs little from v_, as well as
for fully-ionized plasmas where with vanishing of neutrals the collision frequency
v_, between ions and neutrals, approaches zero. Neglect of ion-slip losses may also
apply to the acceleration of very low-density plasmas in the Hall accelerator, when
collisions between (approximately) axially moving ions and neutrals are scarce, but
the collisions of electrons, moving in a spiral path, with ions or neutrals, are more
frequent. Experiments using accelerators with length below 2_, will be useful in
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In looking for simple effects the influence of rotation also has to be considered.

For the neglect of ion shp the rotation appears only in the term E'_ = E_- voB. It

must be remembered again that E z is the measured quantity so that vsB could

reduce J0 with increasing B. The effect of rotation alone, however, does not seem

well suited to explain the pronounced increase and decrease of j0 with B. Integra-

tion of the simultaneous equations of motion for the ions, electrons, and neutrals

is in progress to check if there exists a density range where rotation must be

considered. Experiments with plasmas for which the ion slip is known to be small

will be performed using injection of low-density, highly-ionized plasmas.

EFFECT OF TURBULENT CONDUCTION MEANING OF LINEAR

VARIATION OF E': VERSUS B FOR TURBULENT AND

CONVENTIONAL CONDUCTION

In the theory for turbulent conduction (11) adapted to the present case in
references (9) and (3), two basic assumptions are made. One is that the ions are

assumed at rest, and, second, the influence of turbulence on J0 and the possibility

of polarization of the oscillations is not taken into account. The neglect of ion

motion limits the theory to high-frequency oscillations with frequency larger than

the ion cyclotron frequency. The applicability of this restricted theory to the

interpretation of comparatively low frequencies at high magnetic fields (9) thus

must be examined in detail. Recently the theory developed in reference (11) has

been extended in reference (12) to include ion motion, and the result was obtained

that ion motion greatly reduces the effect of turbulent conduction. This result

seems in contrast to the discussion of the growth of other instabilities of plasmas

in magnetic fie]ds in reference (12) and of the relevant stabilities discussed in

references (6), (13), (19), and to one unpublished discussion of instability of hollow

cathode discharges by D. L. Morse of M.I.T. where the presence of ion motion is

essential for such growth. Detailed measurements have to be performed to under-

stand to what extent the ions influence the turbulent conduction process and to

decide which instability has the greatest effect in producing the turbulent state.

Also, a careful separation has to be made between the effects of ion slip and turbu-

lence since both may reduce Jo/j_.

Next, the influence of turbulence on the azimuthal Hall current je is evaluated.

For this purpose, the basis for the development of the theory for turbulent con-

duction in reference (11) has to be briefly discussed. The theory deals in essence

with turbulent conduction and diffusion assuming isotropic turbulence. It can be

regarded as a limiting case for small random non-uniformities of the theories of

conduction in plasmas with distributed non-uniformities in the presence of Hall
effects; these theories were independently developed (6, 14). Since non-uniformities

affect the Hall current it appears proper to include their influence also in a theory

for turbulent conduction, especially since it was shown experimentally (6, 19), that

the instabilities have their origin in azimuthal phenomena.

Since the effect of turbulence on the Hall current has not been considered in the

literature, an attempt is made here to introduce it formally in analogy to the effects

of turbulence on the axial current. (Note that in this attempt we have avoided the

inclusion of the important ion oscillations which may even affect vx. )

E¢

jx = an_e -_ + n.ev_ (13)

10"
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where a under the neglect of ion motion is given by

1 2 2= _.[(ne--_0e ) ]avdn0e

Comparison with equation (7) for the fully-ionized case indicates that wet e has

been replaced by a constant 1/a. The quantity a is assumed to be about _ in

references (11) and (9). The possibility also must be considered that the reduction of

jo with B could be influenced by transition to turbulent conduction. Experiments

for a highly-ionized plasma, using a pre-ionizer, should help to emphasize the

turbulent effects by keeping ion slip small.

The turbulent losses could be introduced into j0 in formal analogy with equations

(5) and (8) for the fully ionized case, with the result

1 (1-neeVzl (14)-J° = J_-_ 3_ /

and

E" .
-jo = _ee -_-aJ_ (15)

While such a theory would indicate a reduction ill Jo from the non-turbulent case,

an increase in _ with B would be necessary to explain the decrease in jo/jx.

Since an increase in a with B would also influence the E', versus B relation in

equation (13), the important question also arises as to whether the turbulence

differs in the axial and azimuthal direction, that is, is polarized in the magnetic

field rather than isotropic. The possibilities that the oscillations may not develop

into fully-turbulent flow because of finite dimensions or that the oscillations can

cause an increase in resistivity without changing the proportionality of E: to B 2

(19) must be considered also.

Finally, a brief evaluation of the influence of turbulent conduction on the

variation of E'x versus B is made. In the absence of ion motion the conventional

conduction across B changed from [see equation (7)]

to [see equation (13)]

j__ nee E'_. nero e 1
(OcTe B- % B2 E'_ (16)

E'_
j_ = c_nee --_ (17)

Assuming constant values for he, r_, a, and j_, for conventional conduction

E; oc B 2 (18)

while for turbulent conduction

t

E 1 oc B (19)

It should be noted in this connection that some curves in Figure 6 representing

the variation of E_ versus B could, with a little imagination, be interpreted as show-

ing transition from square to linear dependence for the higher currents. This

transition seems to occur approximately for values of B where the Hall current

begins to drop in Figure 4. As noted before, however, since the drop in Hall current

does not seem to fit into existing turbulent theory, excluding the influence on Jo,

the possibility of polarization and the effect of ion motion would have to be studied

to evaluate what could be very important effects in turbulence. The effect of ion
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motion has also a very simple influence for neevx= constant, since as v_ increases

ne is decreased, which in turn can change the term an_eE'_/B and thus the variation

of E'_ with B.

Hence, the importance of obtaining a better theory and more measurements for

turbulent conduction, including ion motion across B in the presence of neutrals,

and for turbulence in the azimuthal direction of the Hall current is very evident.

Before such advances are made, the influence of turbulence is difficult to assess,

except with many more careful measurements. This, of course, does not mean that

means for delaying transition to turbulence may not be found before turbulence is

fully understood. Theoretical reasoning (3) and experiments and theory for other

discharge-magnetic-field instabilities (15) suggest that preionization, with resulting

reduction in E_, should give such a delay. Proof must wait for experimental results.

The question also arises as to whether the change from square to linear depen-

dence of E_ on B can be explained by mechanisms other than the transition

from conventional to turbulent conduction. A deviation from the parabolic

characteristic can also be. interpreted in terms of ion slip, since the latter is a loss

which reduces the impedance due to high Hall currents alone, which is the basis

for the parabolic characteristic. This reduction in impedance occurs, in essence, for

toiT_ = l, since for oJir _> 1 a related increase in impedance as occurred originally due

to t%r_ > 1 sets in, with resulting tendency again toward E'_ B 2. (Note that voB,

due to rotation, can modify the effect.) Since most of the experiments performed so

far in the Hall accelerator are in the range of toiTt < 1, the change from square

dependency and even a transition to approximately linear dependency could be

possible, especially if the possibility of variations in %, Tt, and n_ are also included.

The question also arises as to what extent a linear variation of E with B could be

explained through ionization and diffusion. The various possibilities of influencing

the conduction across a magnetic field for partially-ionized plasmas, with pre-
dominance of electron-neutral collisions or electron-ion collisions are discussed in

reference (20). In accordance with equation (16), if ne/T_:B, j_ocE'_/B, or for

j_=constant, then E'_oc B. Experiments with high-density plasmas where oscilla-

tions and ion-slip losses are small showed Eoc B, meaning that effects other than
oscillations can cause Eo= B. The calculation of the variation of the ionization with

B requires the use of the energy equation. Preliminary studies of the energy balance

were reported in reference (16). A detailed study of the energy balance including

non-equilibrium effects (since T_>> T_) and radiation was in progress at the time of

the publication of reference (20), and will be reported elsewhere. Finally, it would

be of great interest to study the effect of random non-uniformities or turbulence on

non-equilibrium ionization.

Appendix A

EQUATIONS FROM 0HM'S LAW

Ohm's law in the presence of a magnetic field can be _Titten (6, 7) in the following

manner where the factor 2 with the term 2t%r_wiT_ is included in ri (7) :

- ---ff(_e.re)2A_(l_{._2WeTetOi.ri) 2 --(1 , oJ_'r_

+ B2 (1 +2_ere_iVi)(E "
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In the linear Hall accelerator Er, Eo, Vr, By and Bo are all taken as zero. Noting that

and defining

IV = 1 +2meVeWtr i __ 1 +2w_r_
03eTe (MeT e

The expressions for Jx and jo are

Et

W _+vx

j_ = nee I+W 2 (A2)

El
B Wvx

-Jo = nee 1+ W 2 (A3)

We use -Jo since the Lorentz force in the axial direction is -joBr. Three other
expressions for -jo can be found by eliminating E'x, Vx, and n e from the above
equations:

1
-Jo = -_ (jz- n,evx) (A4)

E'x Wjx (A5)
--Jo = nee'-_--

t

E'-5_- Wvx
B

-Jo = E' _ (A6)
WZ_+v_

If for jx constant, re and z_ are also assumed constant, W will be a function of B
only,

w = +2ez, B (A7)
e_'..._eB mi
me

and

dW 1 2e
- +-- zi (AS)

dB e__7.eB2 m i
me

d2W 2
dB--_ = -7------ (A9)

-- 7.eB3
me

Thus IV will have a minimum value at

or

2 er____Ber--! B = 1
Yte mi

2_..'r_o)_T, = 1 [A1N_
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and at this minimum value

and

2
Wmin = -- (All)

¢.OeT e

2_0. _ = __1 [
OJeTe W ffi mln

(A12)

Appendix B

METHODS OF PREIONIZATION

REASONS FOR PREIONLZATION

As pointed out in the discussion of turbulent conduction in the body of the
paper, the effect of preionization is not only to increase the number of ions being
accelerated over the full length, its function is also to delay the onset of instabilities

and transition to turbulent conduction by reduction of the voltage which provides
energy for the growth of instabilities and turbulence. Two methods of preionization
will be discussed. One makes use of a coaxial preionizer with magnetic field which
injects a plasma stream into the accelerator. Such a preionizer has been designed and
operated. The second method of preionization is actually a method for supplemen-
taD" ionization in the accelerator region itseff. Such an approach has been tried for
delaying the onset of instabilities of an arc column in an axial magnetic field (15)
and will be applied to the present Hall-ion accelerator.

DESIGN ._ND OPERATION OF ARC PREIONIZER

J. Burlock and T. Collier

Method and Design

Most preionizers for the low-density plasma accelerators consist of some form of
PIG discharge with externally-heated, thermionically-emitting cathodes. In order
to obtain a highly-ionized plasma, the use of high currents in the preionizer becomes
desirable; for that purpose it has to operate in the arc mode. For injection into the
Hall-ion accelerator with a center core it is, furthermore, desirable to produce a
plasma stream which is concentrated, more or less, in a cylindrical annulus.

These various requirements suggested the use of a tungsten disk cathode serf-
heated by the arc discharge inside a ring anode. The design is shown in Figure 10.
The arc discharge establishes itseff mainly in the space between the edges of the
disk and the anode and is blown into the accelerator. The edges of the disk can act
as an electric field concentrator and facilitate the starting and act to maintain the

discharge in this position. The magnetic field can be purely axial or somewhat
slanted giving the effect of a Hall current plasma accelerator. The disk cathode was
supported by a center sting with much smaller diameter, which resulted in uniform
heating of the cathode disk, since only a small (_-inch) spot was cooled by presence
of the rod. The major mechanism for removal of heat from the disk was radiation.
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FIGURE 10. Arc preionizer. 

Operation 

A high-voltage, low-current glow discharge produces the initial heating. A rapid 
shift to high-current operation follows as the cathode reaches emitting temperature. 
The cathode disk appears uniformly heated except for the central region, where the 
supporting rod is welded. Operation appeared quite smooth except for the occasional 
appearance of anode spots. (Operation in this instance was in argon a t  30 microns 
pressure, and 15 t o  18 amperes at  several hnndred volts in a magnetic field of 
5000 gauss.) 

METHODS FOR SUPPLEMENTARY IONIZATION 
IN ACCELERATOR 

The basic requirement for any technique of ionization enhancement is that the 
Hall current accelerator mechanism should not be disturbed. Several possible 
techniques for obtaining the desired ionization will be discussed briefly. 

Electrostatic coupling of high-frequency energy directed radially along the flux 
lines could be used. For frequencies much below plasma frequency, i t  would be 
necessary to minimize the impedance of any dielectric intervening between the 
electrodes and plasma because of the relatively low impedance of a highly over- 
dense plasma. However, if leads through the structure are permissible, the electrode 
could be placed inside, and the dielectric problem would not occur. Electrode 
cooling in this case would also protect the glass wall. 

Inductive coupling of high-frequency energy by means of a solenoid has been 
used to increase ionization and reduce the axial electric field. The presence of the 
radial magnetic field of the Hall accelerator transverse to the induced azimuthal 
electric field hinders the coupling of energy, and relatively high powers are required 
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to  prodiicr appreciable changes in conductivity and asial clectric field. Operation 
a t  electron cyclotron resonance frequency 1% o d d  proride an important coupling 
cnhanrement. For this operation the magnetic fields of interest for the acceleration 

13 ith intensities of hundreds of gauss and higher. aould call for poner at 
freqiicnries to  the order of hundreds to several thousand megacycles. A reasonable 
upper limit for the resonance technique could be at between one and tno  thousand 
gauss. where hiph power at  tlie corresponding cyclotron reponant frequencies (in 
the kilomegac~-cle range) is still reasonablj- available. Since tlie electron motion is 
bidirectional. it shoiild probably not interfere n-it11 the undirwtional fields and 
current flows of tlie accelerating process. It could perhaps provide additional 
stabilization (3). 

One other pos*ihlr means of enhancing ionization I\ onld hc the i isc of electron 
ionizing heanis. hich hare proved siiccc*sfiil in generating plaiiiias of reasonablj- 
hiph den*itiw (20) and Iiollo\~ cat hock. pla*ma injection. 

Appendix C 

DESKS ASD OPERATIOS OF A N  ESTERSALLY-HEATED RING 
CATHODE 

o h  Jarrett 

Most design.: for externally-heated cathodes for thermionic emisqion use either a 
tungsten filament heated by Jonle losses due to resistance or a tungsten disk 
heated by electron bombardment. Since in the Hall accelcrator the iise of axially- 
symmetric cathode shapes. esperiall- ring cathodep. is highly desirable. another 
method of cathode heating vas  tried nhich ideally seem4 to suit this purpose. This 
method of lirating also avoids the necessity of raciiiim seal4 for hot external leads. 

FIGL-RE 11. Inductively-heated cathode. 
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A RF-heated ring cathode has been constructed and tested. The heated cathode

(Figure 11) consists of a tungsten ring placed inside of a boron nitride holder which
fits into a vycore or quartz tube, inside of which the low pressure is maintained.
A connection to the direct-current power supply for operation of the Hall-ion
accelerator is provided.

Tests of this device showed that the cathode is uniformly heated to thermionic
emission temperature. Since a 20-kw, 450-kc power supply has been available to
us, the heating is done with power to spare. The cathode has been installed in an
accelerator and the effect on the discharge characteristics will be tested in the near
future. Various methods of avoiding possible disturbances of Hall current measure-
ment during such heating have been considered, such as choking the Hall current
diagnostic coil, or providing a cathode thick enough to provide sufficient heat
capacity for the duration of the Hall current measurement.

The use of a RF-heated cathode should also prove very useful in preionizers or
axially symmetric plasma accelerators in general.

Tests are also in progress with thick, resistance-heated ring filaments, such as
those used in induction furnaces.
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NOMENCLATURE

Magnetic flux density
Mean thermal velocity
Charge on singly-ionized ion

Electric field strength

E'=E+v×B

Current density
Length
Mass of electron and ion
Meter

Particle density
Pressure
Collision cross section
Larmor radius
Time

Temperature

Center of mass velocity
Voltage

W = (1 "-1-2toeretoi'r_)

toe're

Quantity defined in equation (13)
Mean free path
Microns

Collision frequency

Conductivity in the absence of a magnetic field, ao -

Mean free time between particle collisions
eB eB

Cyclotron frequency, tO e = --, ¢0i = --

?l ee2"l'e

m e
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Subscripts

e Electron
i Ion
n Neutral

r, O, x Refer to cylindrical coordinate system

Superscript

( ) Vector quantity
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16. Sterge T. Demetriades:
Momentum Transfer to Plasmas
by Lorentz Forces

"Entia non sunt multiphcanda praeter necessitatem"

(Occam's Razor, Wilham of 0ccam, ca. 1340 A.D.)

L2¢ A theoretical and experimental study of momentum transfer to

plasmas by Lorentz forces is described. A generalized Ohm's law is

nsed to predict changes in the direction and maqnitude of the momen-

tum of a stream of plasma and other observable rnacroscopic effects in a

crossed-field accelerator in terms of species temperatures and con-

centrations and other plasma parameters. T_ assumption of local

thermal equilibrium is not required in this approach. Measurements of

momentum change and other effects are presented that are substantially

in agrecment with theory. Gross mean estimates of the plasma para-

meters in the cross-arc region are obtained from the measured

momentum changes and power input.

INTRODUCTION

A large number of laboratories are engaged in research and development of

plasma accelerators using a wide variety of devices to accelerate a plasma by

Lorentz forces. One of the most popular of these devices appears to be the d-c linear

shunt plasma accelerator. It operates by the apphcation of an externally-supphed

current across a usually preionized gas stream in a region where an external

magnetic field can be applied in a direction which is, more or less, perpendicular

to both the discharge and the flow direction. This t)_pe of accelerator is usually

called a crossed-field plasma accelerator. At last count, these devices were in use in

at least nine industrial organizations and three government laboratories. Needless

to say, the author finds this situation very flattering.

Progress in understanding the processes of the conduction of electric current in

a plasma in the presence of electric and magnetic fields (1-8) has yielded valuable

insight into the operation of crossed-field accelerators (8-19).

Since the most important results of the most promising projects are not yet

openly available, it is rather difficult to carry out a comparative evaluation of the

various programs at this time. However, the author has carried out experiments

with multiple-electrode accelerators with each electrode pair powered by a

separate power supply. Three-, four-, and seven-electrode-pair accelerators were

built and tested. The four-electrode-pair accelerators were tested with uncooled

as well as water-cooled electrodes. Power levels of approximately 750 kw have

ED. _qOTE: Mr. Demetriades is with Rocket Power, Inc., Pasadena, California. This

work was supported by the U.S. Air Force through the PropuLsion Division,

Directorate of Engineering Sciences, Office of Aerospace Research, Air
Force Office of Scientific Research, under Contract AF 49(638)-1160.
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been attained at flow rates for argon as low as 1.5 gm/sec. Velocities of approxi-

mately 8 × 103 m/see have been achieved with air. Large accelerators ( > 10 Mw) for

wind-tunnel application are under development (20, 21, 22). Most of the power

supplied to these accelerators goes into the gas.

Early continuous, crossed-field accelerators suffered from considerable side-wall

and electrode erosion. Experiments by the author have shown that side-wall

insulator erosion can be effectively stopped under certain conditions by the use of a

metal stud side-wall design similar to the peg side-wall used in AVCO's MHD

power generators (20). In the author's segmented (stud or peg) side-wall design,

each water-cooled segment is made of metal (copper) and is insulated electrically

from the other segments. This "mosaic" of water-cooled segments is mounted

firmly on a transite slab and the interstices (0.15 to 0.50 cm wide) between the

segments are filled with a slurry of alumina or zirconia insulator. The slurry is

baked to give a firm matrix. However, the insulator matrix does not carry any

stress since the copper segments are firmly mounted on the transite slab. The

surface of the copper studs or segments (approximately 1 cm × 1 cm to 1.5 cm × 5 cm)

is exposed to the plasma. The cooling-water connections arc on the other side of

the slab facing the magnet poles. These side-walls can remove between 1 and 4 kw

per cm 2 of surface. Under certain circumstances these side-wall losses can be

unacceptable and other methods of containment (e.g., magnetic or cold-gas) may

be necessary. The electrode erosion and melting problems were solved by using

multiple electrodes powered by separate power supplies (i.e., by passing only a

fraction of the total current through each electrode) and by proper design of the

electrode cooling passages so that wiping speeds in excess of 6 m/sec and high

cooling rates (>5 kw/cm 2) can be achieved. Accelerator electrodes can now be

operated for long periods of time ( > 1 hr) with very little erosion.

Sufficient progress has been made on component development during the last

year at Northrop Plasma Laboratories and elsewhere to ensure that crossed-field

accelerators of high performance and long life for wind-tunnel, enthalpy booster,

space propulsion, and many other applications will be available soon if the present

rate of progress is not interrupted.

The space propulsion applications of these relatively low-voltage accelerators

will have to meet very tough competition from other devices (notably the high-

voltage electrostatic accelerators and low-pressure electrothermal engines) that

are more advanced in development and are presently favored despite the power-

conditioning problems imposed by the required high voltages. In any case, the

deplorable lack of vision and progress in planning and developing suitable power

supplies for space applications such as electric propulsion will certainly effect a

delay, perhaps fatal, in the use of crossed-field accelerators for space propulsion.

Thus, it appears that the major engineering problems involved in crossed-field

accelerators for conventional applications are not only well understood, but also

well on the way to solution. Despite these formidable problems, the crossed-field

accelerator is the first plasma accelerator to be put into practical use, as for reentry

simulation (17, 20, 22).

The questions now become: What are the possibilities of crossed-field accelerators

for less conventional applications? If enthalpies of the order of 109 joules/kg can be

achieved in these devices with such relative ease and on a continuous basis, why

not hope for enthalpy levels of 1012 or 1014 joules/kg through further development

of these machines? Can these devices be used as radiation sources? If strong

Lorentz forces can be developed by the applied-current, applied-magnetic-field

technique, why not use the same technique for the containment of the dense and

very ,,,,, "'-- these devices appear capable of generating?I_*Ok_/Al_ t_ll_
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To answer these questions will require considerably more understanding of the
detailed processes that take place in these accelerators, including electrode
emission, electrode fall, ionization, radiation, chemical reaction, transport and
thermodynamic processes in the presence of electric and magnetic fields, energy
and momentum transfer by Lorentz forces, and many other important phenomena.
These are essentially scientific problems that require additional effort.

Engineering progress in crossed-field accelerators is thus stimulating scientific
investigations that may lead to the answer of many important scientific problems
in plasma physics, and this in turn may lead into accelerated engineering progress
in plasma technology.

To illustrate, we shall consider some experiments on the momentum transfer to

plasmas by Lorentz forces carried out in the course of the engineering development
of crossed-field plasma accelerators and their effect on our understanding of the
processes governing the transport of electric charge (generalized Ohm's law) in a
plasma in the presence of electric and magnetic fields.

Another objective of this study will be to measure macroscopic momentum-
change effects and to relate them to those microscopic plasma properties that are
significant in momentum exchange processes in a plasma; and conversely, to relate
microscopic plasma parameters to measurable macroscopic momentum changes.
In this investigation, measurements are obtained of changes in the direction and
magnitude of the momentum of a stream of plasma in a crossed-field accelerator
with increasing magnetic induction at different power levels by mounting the
entire accelerator assembly on a sensitive balance and observing (1) the forces due
to interaction between the applied fields and the plasma stream, and (2) the deflec-
tion of the jet of plasma. The accelerator is operated in the free-jet mode in order
to simplify the analysis. The close agreement between free-jet and fully-confined
experiments has been confirmed by Burkhard et al. at AVC0/RAD (16, 17).

THEORY

To compute the momentum transfer to a plasma by Lorcntz forces, one needs to

know the force per unit volume Fv acting on the plasma. The local magnitude of
this force is given by the relation

Fv = J x B (1)

where _is the local current density and B is the local magnetic induction. When the
magnetic induction is externally applied and the induced magnetic field is relatively

small (as is usually the case in crossed-field accelerators), the local value of B can be

estimated with considerable precision. Thus, the problem of computing Fv reduces

to the problem of determining J.
For low-frequency oscillations and therefore also for a quiet or non-turbulent

plasma where the local small-scale density fluctuation can be neglected, it can be
shown (1) that the generalized Ohm's law in the first approximation (i.e., neglecting
viscosity) has the form

E' = _(1)j+ fl (1)Vp.+_I)VT

+ [V(2)J + fl.(2)Vp. + _2)VT] × B (2)

+ [_(3)(j × B)+ fl.(3)(Vp. × B)+ ¢3)(VT × × B
g
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In equation (2) E'=Eo+ U x B, E0=applied electric field, U=plasma streaming
velocity, T=plasma temperature, p,=partial pressure of species /x, and the
coefficients @), fi(l), and _i) are functions of species concentrations, charge of each
component, collision cross-sections for momentum transfer between components,
temperature of each component, mass of each component, thermal diffusion
coefficients, etc., as defined by Polovin and Chcrkasova (1). Strictly speaking,
equation (2) is valid for a multicomponcnt plasma where all the components are at
the same temperature, T. However, when the temperature gradients can be
neglected, it can be shown that equation (2) is also valid for a two-temperature
plasma where the electron temperature Te is different from the atom or ion
temperature Ta--T_, provided the electron drift velocity va is small compared to
the electron random thermal velocity in the plasma, Ve (2). Assuming that the

current is carried by the electrons only, the inequality va<<ve is satisfied when

va = J/(ene) = 6.25 x 1018J/ne << 6.2 x 10aTe 1/2 = Ve (3)

where J=amp/m 2, ne=elcctrons/m 3, Te=OK, and the velocities are given in
m/sec. Thus, for ne = l021 electrons/m a and T e = ]0 4 °K, the current density must be
considerably less than 108 amps/m 2 in order that equation (2) may be used for a
two-temperature plasma with negligible temperature gradients. When the tem-
perature gradients cannot be neglected, it can be shown that equation (2) is still
valid provided meTe/ma<< Ta<__ T e. In both eases all magnitudes in equation (2),
except ri_, should be determined at T e. The modifications of equation (2) required
when these conditions are not fulfilled are beyond the scope of this paper. Yoshi-

kawa and Rose (3) and several other authors have shown that when the tempera-
ture gradients are negligible, local small-scale plasma turbulence leads to different
values of the coefficients Vu) and flu). Their work confirms the "anomalous diffu-
sion" theory proposed by Bohm (4). However, since anomalous diffusion takes

place when the pressure is low (p < 100 F Hg, n < 102° particles/m 3) and the mag-
netic field is high (_oeTe>>1, Te= r_re_/(r_i + Tea)), the values of the coefficients _7(_)
and fl(_) given by Polovin and Chcrkasova (1) apply in the experiments described
here where n > l02° particles/m a and Were < 10. It can be shown that the general
form of Ohm's law given by equation (2) leads to the special cases derived by
Cowling (5), SchlSter (6), Lehnert (7), and Liubimov (2). Thus, when the plasma
consists of electrons (e), one species of singly charged ions (i), and one species of
neutrals (a), and temperature gradients and space charge concentrations arc
negligible (n_=ni), while the inequality ½miq_v_a=eB/(2w_r_n_)>>meqe_Ve_=
eB/(wereana) is valid, equation (2) reduces to

E-% {.ne_et4-na_ea] _-I- _n e ((TX B)- Vpe )= \ ne e2 ] (4)

na [V(pe.-Fpt)--_a a _7__Da-- ('_ X B')] x "B+ ne,_i_(ne+ n.) 2

where _ea=meqeaVea, _ei=meqeiVei, _ia -=l_miqiav't_, me=electron mass, mi=ion
mass; Ve_, ve{, v_=relative velocities between electrons and atoms, electrons and
ions, and ions and atoms, respectively; qe_, qe{, q{a =c°llisi°n cross-sections for
momentum transfer between electrons and atoms, electrons and ions, and ions and

atoms, respectively; ne, na=electron and atom concentrations, respectively;
e=electronic charge, ¢oe=eB/me, w_=eB/m_; re_, rei, _i_ =inverse of collision
frequencies for collisions between electrons and atoms, electrons and ions, and ions
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and atoms, respectively. For tea>>**i (i.e., n,Aet>>naAe_), equation (4) reduces
further to

where

= ± f+x(7× (5)
q0

E" = E'+xVpe+ a-V(pe+p, xB

and

1 n_eB(ne + n_) 2

X = en--_' _ = 2oJ_t_n _ and

Equation (5) can also be _Titten

(6)

e2ne'rei

_o = _ (7)
_e

(8)

Equation (4) is identical with Liubimov's version of the generalized Ohm's law (2)

and is equivalent to the Cowling-Schliiter version (5, 6), with the additional terms

Vpi and - (ne/n,,)Vp, . The coefficients of the terms J, J × B, Vp_, and (J x B) x B

of these authors, including Lehnert (7), are identical with the coefficients derived

by Polovin and Cherkasova (1) even when Ae_ and %t are not negligibly small

compared with A_ and Tea, respectively. The work of all these authors leads to a

generalized Ohm's law similar to equation (5). Finally, the components of the

tensor _ of equation (8), the equivalent of equation (5), were given by Demetriades

(8, 9).

The assumptions leading to equations (2) and (4) are enumerated and discussed

by Polovin and Cherkasova (I), and Liubimov (2).

As shown in an earlier publication (1O), equation (2) or equation (4) can be used

in an attempt to relate the magnitude of the components of the current density

(and also the components of the conductivity tensor and therefore the collision

cross-sections for momentum transfer between electron, ion, and neutral gases as

well as other plasma parameters) to the observable changes in magnitude and

direction of the momentum of a stream of plasma in the Mark II (8, 9) crossed-field

plasma accelerator operating in the free-jet mode. The changes in the momentum

of the stream of plasma due to the Lorentz force per unit volume, J × B, can be

measured by mounting the entire accelerator assembly on a sensitive balance in a

vacuum tank and observing the thrust (or drag) and the angle of deflection, ¢, of

the jet. It should be stressed that the results of this approach can be as precise as

the analysis is sophisticated. However, in order to make the analysis tractable, it

will be necessary to make simplifying assumptions that may introduce an error of

as much as a factor of 3 or 4 in the mean values of some of the plasma parameters,

temperatures, and concentrations obtainable by this method.

The assumptions made in the derivation of equation (4) limit its applicability to

experiments where boundary layer and transition layer effects are negligible.

These conditions are most nearly satisfied in the core of the cross-arc of the Mark II

plasma accelerator when it is operated in the free-jet mode. The phenomena
associated with the cross-arc of this accelerator were described in an earlier

publication (11).

Since the distribution of the magnetic induction B can be established and J can

be obtained from equation (5), precise expressions forthe forces acting onthe plasma

in the x and y directions can be computed in principle. If, in order to simplify the
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--> ¢ _ --+

computation, it is assumed that E'=(E'x, Eu, 0), B=(O, O, Bz), and U= (Ux, 0, 0),
the current density components in the region of influence of the magnetic field are

given by

%[(1 + _2_B2)E'_- greBE'y] (9)
J_ = (1 + _2_B2)2 + (_B)2

and

where

and

%[(1 + _)_B2)E'_, + _2_BE'_] (10)
Jl_ = (1 + _2_B2)2+ (£21B) 2

_ - e:_L/m_ = ._x _ (11)

(12)

The ohmic heat dissipated per unit volume is

-_ %(1 + _2B22)(E,)2 [1 + _B 2] j2
J.E' = J_E'_+J_E'y = (l+_B2)2+(_B)2 - t ao j

(13)

The total electrical power per unit volume of plasma in the accelerator is given by

When E':=Eox+ U_B: =0, Bz= B, the total power supplied to the plasma per unit
volume is given by

__ a_)X2B2 ]
EoyJ_ = (1 +a0¢B2 t [14 (1 +-a0¢B2)2] J: + U:BJy (14a)

Cro ]

and when J_ = 0 (" staggered" electrodes), the total power supplied to the plasma

per unit volume is given by

Eo_Jy = (1 +ao__CB2t j_ + U_BJ_,
(7o /

(14b)

When E0_=0 (i.e., "symmetrical" electrode positions, long electrodes, no end

effects), equation (14) becomes

since

and

EoyJ_ = 1 (1 +aoCB2)J_-xBJ_Jx+ U_B_J_
_0

1
E'_ = -- {(1 + ao_bB2)J_ + (aoX)J_}

(7 0

E; = 1 {(1 + ao_bB2)Jy- (%X)J_}
(Y0

(14c)

Note that J_ in equation (14c) is negative. The first term on the right-hand side of

equations (14a), (14b), and (14c) is the ohmic heating term and the other terms on
the ...... ' " - --_ .... :--i_ldgl¢lt_l'_blOllpower, xT_._ .u.. .... .+;.... /lAk_ anti Ild-o_rlgllE-flailO SlOe are bile ±IOLU _lla_ _Hta_v*'_**o _x_u I _-*_ _* *_!
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yield lower values of Eou than equation (14a) for the same values ofJ_, U z, a 0, _b,

and B. Note also that as the degree of ionization approaches unity, _b approaches

zero and the ohmic heating decreases.

Equations (13) to (14c) demonstrate the need to know the magnitude of the

quantities X and _b (or _1 and _2) in order to determine accelerator performance.

When single electrodes (one anode and one cathode) are used in a symmetrical

configuration (i.e., no stagger; their eenterlines on the same line normal to the flow

direction), the axial electric field E'x is negligible because the increase of conductivity

with axial distance x is equivalent to longer electrodes with constant conductivity

and therefore E0x _0 and U_B_,_O over most of the interaction region as shown

by Denison (19) and Hurwitz d a/. (27). Thus it can be assumed that the plasma is

at approximately the same potential at the inlet and at the exit of the inter-

electrode region ("shorted axially") and E'_ =0. Then the current density com-

ponents in the region of influence of the magnetic field where the electric field is

E_u become (9)

and

Jlx = - a°E'l_(GlB)
(1 + f_B2) 2 + (_'_IB) 2 (15)

aoE_u(l + _2B2) (16)
Jl_ = (1 + _B2)2+ (_IB) 2

IL in addition, it is assumed (1) that the magnetic field in the aeceleralLor is
constant in the region between the electrodes and zero elsewhere, (2) that the

current density is constant with x in the region between the electrodes while it is

zero upstream of the electrodes and of some undefined form in the region do_la-

stream of the electrodes, and (3) that (when the applied current is kept constant)

the electric field in the plasma between the electrodes with the magnetic field on,

E'lu = Eo- U_B_, is equal to the applied electric field at zero magnetic induction

(E0)s = 0, it can be shown (9) that the components of the forces acting on the plasma

(equal and opposite to the thrust on the accelerator) are given by

Oz = fv JluBz d V =
hBIo_(1 + _B _)

(1 + _B2) 2 + Ft_B 2
(17)

fv hBI°_(_B) (18)Ou = - Jl_BzdV = (l+f12B2 2)2+_1B2 2

where h = electrode gap, Io¢= total applied current, and V = volume.

To determine the validity of equations (9) to (18) and, consequently, the validity

of the generalized Ohm's law, equation (5), it is necessary to devise some tests of

these equations on the basis of easy-to-observe macroscopic effects and simple

measurements. In particular, it was decided to perform critical experiments to

determine whether, for example, the deflection of the jet of plasma by the action of

_x B forces was due to the "blowing-out" of the discharge as a result of the high

plasma velocity (i.e., due to a more pronounced ske_aaess or "distortion" of the

discharge in the accelerator resulting from higher plasma velocities) or due to a

higher Hall current (i.e., to higher values of the axial current resulting from the

higher magnetic field).
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Notethatasimplemomentum-vectordiagramforthedeflectionangle¢gives

O_ (19)tan_ = _hU1+ O_

where_hU1is therateat whichmomentumentersthe inletof theaccelerator
(calledinlet momentumin the followingtext).Thequantitiestan¢, Ox,and
rhU1 can be easily measured (8-12). The geometry of this analysis is shown in

Figure 1.

FIGURE 1. Schematic diagram of one electrode-pair Mark II-A J × B accelerator
showing dimensions and coordinates.

Now equations (9) to (19) predict the following effects:

1. If the polarity (direction) and magnitude of the total applied current is

kept constant while the polarity of the magnetic field is reversed (B_ = -B),

equations (17), (18), and (19) predict that:

1.1 The jet deflection remains in the same direction (i.e., tan q_ does not

change sign).

1.2. The deflection angle ¢ increases:

1.2.1. By a small amount if _hUl>> Ox,

1.2.2. By a large factor if _hU_ is only slightly larger than Ox.

This is shown schematically in Figure 2a.

2. If the polarity of both the applied B and applied I0c are reversed, the angle

changes sign (i.e., the deflection is in the opposite direction). This is shown

in Figures 2a and 2h.

3. An increase of inlet momentum (rhU1) while all other parameters remain

constant decreases the magnitude of tan ¢.

4. An increase of the degree of ionization by increasing the power (energy

content) of the plasma jet entering the inlet of the accelerator (e.g., by an

increase of arc jet power) brings about a decrease of the magnitude of tan ¢.

This is due to the decrease of the Hall coefficient (which is proportional to

1/ne) and therefore of Jx and Oy. Note that an increase in arc jet power

increases U i and decreases ._, and therefore the observed decrease of
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FIGURE 2a. Effect of magnetic field polarity on deflection angle ¢ when _U_ >>Oz and

_'nU1 _ Oz (J =Jr, B = B_ and J =.Iv, B = -- Bz).

tan ¢ by the combined effects should be more than that predicted for each
effect alone. This is shown in Figure 3 where the experimental and theoretical
results of the jet deflection angle ¢ are presented as a function of the arc jet
power input. The theoretical curve was computed assuming I0c= constant,
B = constant, and

/ _hUl\
0 u = Ox|l+_| tan_b = constant (20)

in equation (19). Tiros

•hUx+ O_

(21)
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FIGURE 2b. Effect of electric and magnetic field polarity on deflection angle _b

(J = -Jy, B= B z and J = -J,, B=-Bz).

where the subscript min denotes evaluation of the term in the brackets at
the minimum arc jet power point on the experimental curve. However,
from equations (17), (18), and (19), it follows that

O_ ( +_hUl_ f_lB (22)O---_= 1 Oz ]tan¢- l+f/_B 2

or

where

•,, ,tan¢- O:+_hU, +_I_B2 j oc n_-- (23)

1.76 x 10110_B

1 + f_B 2
constant (24)

Note that the experimental tan ¢, when compared with the theoretical

curves computed by the increase in the _hU_ alone, appears to decrease
faster for argon than it does for helium. This is due to a comparatively
smaller decrease in r_, for helium with increasing arc jet power.
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FIGURE 3. Experimental and theoretical results of jet deflection angle ¢ as a function

of arc-jet power input. Dashed lines represent computations of tan _ from equation (2I)
under assumption of constant Oy.

5. At moderate values of B (0< B<0.2 weber/m2), an increase in B (the

applied magnetic field) brings about an increase in the deflection angle.
Note that from equations (17), (18), and (19),

f_l B2hloc

tan _ = hBIoc(l + f)22B 2) q-rhU_[(1 2 2 2 2 2 (25)
+ _2 B ) + _IB ]

6. The quantity Ou/0_ = f_B/(1 + f_22B2 ) = [1 + (rhUx/0A] tan _ is proportional

to B as B-->0. At the same time at B=0, d(Ou/O_)/dB=f2_, tan _b = 0, and

d(tan d_)/dB=O. Moreover, as B-+0, tan¢ becomes proportional to B 2,

d(tandp)/dB becomes proportional to B, and [l+(_hUx/0=) ] becomes

proportional to 1/B.

7. An increase of the aczderator power at eonstant B decreases the magnitude

of tan _ as a result of:

7.1. An increase of I0_ and consequently 0=,

7.2. An increase of ne and consequently a decrease in Oy.

8. A decrease of pressure (or density) in the plasma jet at constant I0_ and B

brings about an increase in the magnitude of ten ¢ as a result of an increase

in Tel.

9. An increase in B while I0_ remains constant brings about a decrease of the

transverse conductivity % and an increase in the total power required to

push the current I0c through the plasma.

Staggering the electrodes by an appropriate amount so as to introduce an

axial electric field eliminates the axial (Hall) current., J_=O in equation (9),

and the jet deflection. It also decreases the accelerator power required to

drive the same current I0_ across the electrode gap at any given magnetic

field. In other words, the required voltage (electric field) for a given applied

current at a given applied magnetic induction is substantially reduced and

the efficiency of the accelerator is improved.

10.
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ll. The required stagger, Jx=O in equation (9), is such that the anode should be
placed upstream of the cathode at a distance d=haoxBJ_/[(1 +aoCB2)Jy +
UBao] _ h_lB/(1-_ _B2), where h is the electrode gap along the y-axis and
U is an average velocity.

12. At constant B, an increase of the applied current I0c brings about an
increase in the transverse conductivity % (since nc increases and _1 and _2
decrease). Moreover, the transverse conductivity initially increases rather
rapidly with increasing applied current (or increasing cross-arc power) as
both g21 and _2 decrease. The rate of increase of % decreases as the power
level increases, and when _1 and _2 both become negligible, % levels out.

As the power level increases, % changes at a rate specified by the electron
temperature.

13. As the cross-arc power level increases, the electron concentration ne also
increases. Therefore, the value of 7¢i decreases.

14. Since the currents in the accelerator will tend to avoid regions of (a) low
conductivity, (b) high back EMF, (c) high magnetic field, (d) low pressure or
density, and (e) high velocity (where the static pressure drops and the back
EMF increases simultaneously), it is clear that a magnetic plug (i.e., a local
maximum of the magnetic field in a region of decreasing pressure) can be
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FIGURE 4. Schematic of thrust-configuration plasma accelerator operating in the

decelerating mode. Magnetic field normal to page and directed from page to reader.
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made to divert the current in such a manner that an accelerator in the thrust

configuration (thrust-producing polarity of J-_and B) can be made to produce

dra 9 by passing most of the current from one electrode to the other in a

negative (decelerating) direction as shown schematically in Figure 4 by the
dashed arrows.

15. At low B (B<0.2 weber/m2), the magnitude of the reduced thrust Oz/hloc

should be proportional to B. As B increases, Ox/hloc goes through a maximum

and then begins to decrease.

16. The power dissipation (ohmic heating) in the plasma should be given by

equation (I3). The power dissipation at high magnetic inductions and

constant applied current (equal to the difference between the total power

into the accelerator and the sum of the power going into acceleration and the

power going into the electrodes and confining walls) should be proportional

to B 2 when f12 remains constant with increasing B.

17. When there is no applied current and E0x=E0u=0 , the current density

components are given byJlz _ ao((-)-i B) _B/A and Jl_'_ - ao(1 + _)_B 2) L½B/A

where A = (1 + _B2) 2 + (_Q1B) 2 and B = B_. Then for U_ _/:, 1 = constant,

Ox _ -ao(I + _B2)U_B2h/A and 0 r _ -ao(_B)U_B2h/A

Since these induced currents will be usually small, there will be only a slight

slowing-do_31 and a slight downward deflection of the jet when the electrodes

are shorted externally. These effects will manifest themselves in a decrease

of the diameter of the supersonic jet in the region between the pole pieces

and a slight exhaust jet deflection. When there are no electrodes, the jet _.ll

still deflect---perhaps in a complicated way--because the current loops will

have to close within the plasma. Note the dependence of Ou on B a. The

deflection angle, in this case, changes sign with B. This effect is the opposite

of the effect described in item 1 (Figure 2a) and was observed by Warder

(24). Note also that the induced electric field (back EMF) is sufficient to

cause electron heating and a non-linear Ohm's law even in the absence of

applied electric fields.

18. At high pressures (p,_> 1 atmos) and low degrees of ionization in the pre-

ionized gas stream [a=ne/(n_+n_)<_O.O1], neAei<<na_ea and equation (4)

reduces to J = [n_e /(n_m,qe_V_)]E. Then the conductivity of the gas at the

accelerator inlet will be of the order of 100 mhos/m and the high particle

density would prevent the electrons from picking up enough energy between

collisions in the cross-arc to cause a large increase in ion pairs more or less

uniformly over the entire region between the electrodes. The electron

temperature will increase only slightly above the ion and atom temperatures

(Te>Ta=Ti). The combined effect of non-equilibrium ionization and

elevated electron temperature will still cause the Ohm's law in the plasma

to be non-linear. However transition region, boundary layer, and other

aerodynamic phenomena are no longer negligible, and the simple theory

outlined above would not apply. At high pressure, relatively "cold" gas

flow (low ne) , and relatively low applied currents (< 10,000 amps), the

discharge will tend to be of the thin filament t)Te investigated by Thiene,

Chambers, and Jaskowsky (23), and it would tend to blow out by aero-

dynamic forces. The discharge would then be unstable. It would ignite close

to the leading edge of the electrodes, and would be blown do_Tmtream to the

trailing edge where it would bulge out until it became extinguished, only to

re-ignite at the leading edge. The application of the magnetic field would
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not significantly alter these events, although it might increase their frequency

and regularity. The bulging-out of the discharge would be enhanced by the

magnetic field of the proper polarity and the increased discharge length

would drive up the required voltage with increasing B, perhaps at a rate

faster than that demanded by the increase in the induced electric field UB.

The bulging current paths would then react with the magnetic field to smear

out the jet instead of simply deflecting it in a well-collimated beam.

Other observable effects could be predicted by this simple treatment [equations

(15) to (19)] if sufficient control is possible in designing and performing the experi-

ments. For example, if the expellant is changed while the electron concentration

and collision cross sections remain the same, one should expect the magnetic field

B at which the reduced thrust Ox/hloc reaches a maximum to he roughly propor-

tional to m_3j_ and (OJhloc)max to be proportional to mi-ls4

Since the observable effects will give a good estimate of the magnitude of the

components of the tensor conductivity, it is possible, in principle, to obtain

estimates of the values of some of the parameters of the plasma in the region of the

interaction of the cross-arc with the magnetic field. These parameters include the

electron, ion, and atom concentrations, temperatures, and partial pressures, and
the electron-ion and ion-atom collision cross sections. Gross mean values of these

parameters can be obtained from the following set of equations (in mks units):

where

Pe = nekTe (26)

p_ = n,_kT,_ (27)

Pi = nJcTi, T a = T i, n_ = n i (28)

P = p_+p_+p_ (29)

_h = (neme+nama+n#n,a)Ae)fes , _i = m_ (30)

qei = 5.85× 10-1°T_ -2 In A (31)

A = 1.23 x 107Te3i2n_ - 1/2 (32)

Iochep (1 + _B2) x 7.7 x 10- 3T_3"2(ln A) -1

a_- V_pA_p- (l+_]_B2)2+(_B) 2 (33)

q_, = 2.84 × 107(n_1)- 1Te- is2 (34)

3.2 × 10-1%rl/2n,g21

qia = (n e + na)2m 1/2(8]cTi)112()2 (35)

and

[_1 ---- 1+ tan¢(l+D._B 2) (36)
B

=

while Aes=effectivc jet cross-sectional area, Ues=effective jet velocity, hep=

effective discharge length, Vep = effective voltage drop in plasma, Aed =effective

discharge cross-sectional area, and _h = flow rate at accelerator inlet. In principle,

the magnitude of these effective quantities can be obtained by determining the

_,,._,,--_,-- _ _uH-_nu u_,slty, electric fielu, flow velocity, etc., in Hie cross arc.
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Then the simultaneous solution of equations (26) to (37) would yield values of

Pe, P_, P_, ne, n,, Te, T_, qe_, qt_, gll, and tl 2 in terms of tan ¢, 0_, B, _hU 1, m_, and
these effective quantities.

EXPERIMENTAL INVESTIGATION

This work is a continuation of earlier experiments (8, 1O, 22). The apparatus

used has been described in detail in earlier publications (8-14, 22). In the experi-

ments reported here, the Mark II-A accelerator (shown in Figure 1) was operated
in the free-jet mode (8). Some ambient gas entrainment occurred and the accel-

erator inlet momentum gtU 1 used in equation (19) should, strictly speaking, be
measured in a manner such as to include the increase in inlet momentum due to the

suction generated by the operation of the accelerator. The fl0w rate rh in equation
(30) should likewise be corrected for entrainment. The increase of the inlet momen-

tum with the accelerator on was measured by means of static pressure, total pres-

sure, and vane-deflection measurements at various places in the inlet. These

measurements proved that the increase in inlet momentum due to accelerator-

induced entrainment was negligible as long as the accelerator operated at O_ < 2.5

near'cons and the geometry was essentially as described in reference (8) (i.e., the

inlet was within a few mm of the arc-jet exit).

Plasmas of argon and helium were used and measurements were made of the

deflection angle _, the axial thrust (_, the plasma generator flow rate _h, the inlet

momentum _hU_, the magnetic field B, the current-voltage characteristics of the

cross-are discharge with and without magnetic field, the tank pressure p, the

plasma generator (arc-jet) power input, the power absorbed by the arc-jet coolant,

the power added to the argon and helium plasmas by the plasma accelerator, etc.

The axis of the luminous jet was found to coincide with the flow axis in all cases.

In the course of these experiments, all the predicted effects (1 to 17, listed in the

previous section), with the exception of item 18, were observed. No experiments

were performed at p_ 1 atmos. Experiments concerned with item 17 were recently

also performed by Warder (24). The experimental results presented in Figures 2a

to 20 indicate that the description of momentum transfer to plasmas in these

experiments given by the above analysis includes all major effects. Experimental

verification of most of the theoretical predictions instills a measure of confidence

in the use of the generalized Ohm's law given by references (1) through (7) and

increases the probability that the momentum-change technique, with further

elaboration, can be made to yield valuable information on basic plasma properties.

It is left to the readers to explain how, in spite of the numerous assumptions,
reasonable answers were obtained.

Additional work is required to examine in detail the magnitude and effect of the

coefficients fl(_) and/_l), to formulate an energy balance that allows for ionization

and recombination and provides information on the current density, electric field,

velocity, species concentration, pressure, and temperature distributions.

Figures 2a and 2b show qualitatively the predicted deflection of the jet (identi-

fied as the resultant) with various combinations of magnetic field and applied

current polarity for _hU_>>0_ and _hU_> _)z- These deflections (items 1 and 2 of

the theoretical discussion in the last section) were indeed observed. Observations

of the discharge were described in reference (ll).

Figure 3 shows the experimental results obtained for tan _ as a function of are-

jet power at constant Ioe and B for helium and argon. The results of Figure 3

confirm the predictions of items 3 and 4 of the theoretical section. The theoretical

curves for constant _)y were obtained in the manner discussed (item 4). The
ll+



312 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

decrease of tan ¢ with increase in gas enthalpy is not as marked for helium as it is

for argon because the degree of ionization (electron concentration) increases faster

for argon than for helium at these enthalpy levels. The ratio of the temperature

increase of argon over the temperature increase of helium is approximately equal

to (mCp)He/(chCp)A,_4, where Cp=specific heat at constant pressure. The power

into the gas at the arc jet can be estimated from Figure 5. It shows the power into

the arc-jet coolant as a function of total arc-jet power for helium and argon. The

heat input to the arc-jet coolant is determined by measuring the flow rate and

temperature rise of the water coolant flowing through the plasma generator

cooling jacket.
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FIGURE 5. Arc-jet power absorbed by coolant as a function of totalpower input.

90

Figure 6 shows the axial thrust increment obtained for argon and helium plasmas

as a function of magnetic flux density for constant cross-arc current and three

arc-jet total inputs of 24, 32, and 40 kw. The results were corrected for magnetic

interference by careful calibration of the thrust balance. The data indicate that

within the region covered by these experiments the recorded thrust is independent

of the arc-jet power level and the type of plasma used. The data agree with the

theoretically-predicted values to within a few per cent.

Figure 7 shows the accelerator inlet momentum _hU 1 for argon and helium

plasma jets as a function of arc-jet power input. The measurements were made by

mounting a flat steel plate on a negligible-displacement pendulum balance. The

fiat steel plate was perpendicular to the arc-jet flow axis. Great care was exercised

to have the normal to the plate correctly aligned with the plasma jet axis. The

plate was placed approximately where the accelerator electrodes were normally

located (_ 14 cm downstream of the arc-jet exit). Running time was also found to

be an important factor. In order to prevent the hot plasma from deforming the

2.5-cm-thick steel plate and from moving the center of mass of the pendulum
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system (by expansion), each run was limited to a few seconds, and only those runs

where the balance returned exactly to the null point were retained. A recalibration

of the thrust balance immediately after each run was also performed.

Figures 8 and 9 show the jet deflection angle for argon and helium, respectively,

as a function of the magnetic flux density for constant cross-arc current and for

three different arc-jet power levels. The deflection angle was determined by double-

exposure pictures of the deflected and undeflected jet. The results are in agreement

with the qualitative theoretical predictions discussed earlier (items 4 through 7 in
the theoretical discussion). Examples of the double exposure pictures obtained

were given in references (8) and (25).
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FIGURE 10. Cross-arc power input into argon and helium plasma as a function of

magnetic flux density at constant cross-arc current.

Figure 10 shows the cross-arc input power required to pass a given amount of

current across argon and helium plasma streams for three different are-jet power

levels with increasing magnetic flux density. The data seem to indicate that the

cross-arc power is independent of the arc-jet power level. This is generally not true.

However, the difference in static enthalpy of the plasma stream between the three

arc-jet power levels used in our experiments is not large enough to produce any

appreciable difference in the results.

Figure 11 shows the dependence of O_/Ox=[1 + (_hU1/O_)] tan _b for argon and

helium on the magnetic induction as computed from the data presented in Figures

6 to 9 for three different arc-jet power levels. It is of interest to note that the Hall

thrust, and therefore the Halt current, may well exceed the axial thrust and the

transverse current respectively.



316 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

1.4

I

®x

1,2

i.0

0.8

0.6 i
///

1 I I 1
He i ium

_ = 0.57 gm/sec

Arc Jet Power /24 kw ly = 400 amps

// 3 kw ArcJet,ower 24kw/

40 kw 32 kw --

40 kw

/ / / / / _I = 1.36 gm/sec

I I II I
0 0.02 0.04 0.06 0.08 O. lO O. 12

2
B webers/m (peak value)
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function of magnetic flux density and are-jet power [values from equation (19)].

Figure 12 shows the apparent efficiency, _?a,p= {[ ®_ + O_]/2_h -F U_ ®:}/(_r+-F _r_)
where _ = electrical power input to the cross-arc and _r_ = power to the magnet, of
the unconfined accelerator operating with argon and helium plasmas as a function

of the magnetic induction and three arc-jet power levels. These results were
computed from the data presented in Figures 6 to 10, and they indicate an increase
in efficiency with increasing arc-jet power. Figure 13 shows the total apparent
specific impulse [ ®_ + ( _ -F_hU 1)2]112/_hg_ of the unconfined accelerator operating
with argon and helium plasmas as a function of the magnetic induction and three
arc-jet power levels. These results were computed from the data presented in
Figures 6 to 9, and they indicate an increase in specific impulse with increasing
arc-jet power level. The flow rate _h used in these computations was the arc-jet
flow rate and g¢-- 9.81 newtons/kg.

During these experiments, it was observed that a decrease of tank pressure at
constant Ioc and B brought about an increase in the magnitude of tan ¢, while an
increase in B (when /0c and the pre,_s, re remained constant) brought about an
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increase in the total power required to push the current I0c through the plasma
(i.e., an increase in the applied voltage). The effects described by items 8 and 9 of
the theoretical discussion were thus observed to occur (8, 9, 11, 13, 14). The
electrode stagger effect predicted by items 10 and 11 of the theoretical discussion
was also observed as described in references (8), (11), (13), and (14). The effects
described by items 12 to 17 were also observed to occur and are described in
references (9), (11), (14), and (18). In particular, an accelerator with a field geometry
approximately as depicted in Figure 4 was built and the drag effects described by
item 14 were observed. At constant B, the quantity dVo/dIoc, where V0 is the

applied voltage, is proportional to 1/%. This quantity was found to behave as
described by item 12 (9, 14, 18). The cross-arc power increases as either I0c or B,
or both, increases. In that case, the quantity X (Hall coefficient) was found to
decrease, and therefore n e increased while Te_ decreased (14), as described by item
13. This effect is also shown in Figure 14, where typical values of f21 [given by
equation (36)] are plotted as a function of B for argon and helium. The effect
predicted by item 15 was observed as already described in reference (9). The effect
described by item 16 was also observed and may be obtained from the data
presented in Figures 10 and 12, together with the electrode power losses presented
in references (9), (13), and (14). Note that f12, as obtained from equation (37), is
indeed nearly constant with B for argon (Figure 15), and that f21 decreases mark-
edly for helium but only slightly for argon as B increases. This behavior of f21
appears to indicate that the argon is already highly ionized by the application of
the cross arc at B = 0, and an increase of B (and of cross-arc power, see Figure 10)
brings about a small increase in ne. For helium, however, an increase of B (and of
cross-arc power) brings about a significant increase of the degree of ionization.
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FIGURE 14. The value of _1 for argon and helium as a function of magnetic flux density
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The corresponding behavior of typical values of _2 is sho_ in Figure 15. The

values of £22 decrease slightly x_ith increasing B for argon, while they first increase

and then decrease for helium. Since, in inks units,

-(2-1 = ooX = 4.84 x 1016 Tea/2
ne In A (38)

and

£_ = a0_b = 2.6 x 109 Te3/Sna
ne(ne + na)2q._ T_ 1J2mtl/2 In A (39)

the initial increase of _ for helium cannot be easily explained on theoretical

grounds. It is possible that the scatter in the observed values of O_ and tan _ at

low values of B do not permit an accurate determination of _2 from equation (37)

for helium. The effect described by item 17 was also observed by Warder (24).

The values of _1 and _2 plotted in Figures 14 and 15 were obtained by assuming

a uniform current density distribution.

Figures 16 to 18 are presented lest we forget that some very crude assumptions

are made in the analyses given here.

Figure 16 presents two photographs of the argon spectrum in the interelectrode

region. In both exposures, the top of the figure represents the upstream edge of the

region observed. Approximately 5 cm along the axis of the jet of plasma was

focused onto the spectrograph slit to produce these spectra. The electrode axis

coincided with the center of the 5-cm length focused on the slit and the electrodes

were equidistant from the jet axis. The top exposure presents the spectrum of the
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FIGURE 16% Argon spectrum: arc-jet power = 32 kw; no cross-arc power; no magnet,ic 
field. 

4345.21 4300.11 4181.9 I 4044.4 I 3914.4 N; 

FIGURE 16b. Argon spectrum: arc-jet power = 32 kw; cross-arc power = 16.5 kw; 
magnetic induction B = 0.033 weber/m2. 

plasma stream generated by the arc jet in the absence of a cross arc and with no 
magnetic field. The bottom picture is the spectrum of the same region with the 
cross-arc power on (16.5 kw) and a magnetic field of 0.033 weber/m2 applied. In 
the upper exposure, only atomic lines are observed, and this suggests that the 
radiation might be the result of metastable atoms that are excited in the arc region 
of the plasma generator. The ions have to a large extent recombined by the time 
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they reach the region in focus. The atomic radiation sho_ in the upper exposure

is augmented in the lower exposure by many lines from singly-ionized atoms

(e.g., 4383 _, II) and additional neutral atom lines. Some neutral lines have

disappeared almost completely (4300.1/_, I). It is important also to note that in the

lower exposure the atom lines get stronger in the interelectrode region where a

high cross-arc current density is present. Similarly, the ion radiation is weak in the

upstream (top edge) and downstream (bottom edge) of the figure but increases in

the space between the electrodes (center of lower picture). Thus, in the inter-

electrode region, an increase in either the ion and electron concentrations or the

electron temperature, or both, appears to take place. Finally, the presence of
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FIGURE 17. Theoretical transverse current density distribution in argon for three inlet
temperatures, T1, obtained by Lenn (14) using an analysis that allows for variable
conductivity but assumes local thermal equilibrium (L.T.E.). Discharge characteristics
are: I0c--1000 amperes, B=0.1 weber/m 2, electrode length--L=0.025 m, electrode
width = W = 0.025 m, discharge cross-section ----WL.
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N _ bands indicates strong deviations from local thermal equilibrium, but does not

positively rule out equilibrium ionization and excitation at the electron tempera-

ture, despite the effect of the electric field.

Figure 17 is a theoretical computation of the current density as a function of

electrode length for a geometry similar to Figure ]. This computation was carried

out by Lenn (14). It appears to indicate that the current density increases towards

the trailing edge of the electrodes. This increase becomes more pronounced for low

inlet temperatures. Figure 18 presents the current-voltage characteristics for an

electrical discharge across preheated (and preionized) argon and helium supersonic

jets at B=O. These cross-arc characteristics indicate that the transverse conduc-

tivity a_=dloc/dVo of helium is considerably lower than that of argon. The

observed behavior of the current-voltage cross-arc characteristics with B=O at

low applied current is not easy to explain. These jets of argon and helium plasma

were produced by the equipment described in references (9), (ll), and (22).
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Typical values of the gross mean plasma parameters obtained by using these
experimental results to solve the system of equations (26) to (37) are (for argon):
Te_12,000 to 29,500°K, Ta=T+,._7000 to 4000°K, ne_6×10 _° to 8.6×1020
electrons/m s, n_Txl0 el to 6.2x l0 el atoms/m s, and, using the values corres-
ponding to the highest Te, p¢_2.65 mm Hg, p=_2.6 mm Hg, pi_0.36 mm Hg,
q_(_5.2 x 10 -is m e, q_ 1.9 × 10 -19 m e, vd _6.7 × 10a m/sec, Z_0.007, _b_0.016,
a0_5100 mhos/m, a_ll00 mhos/m, r_i_2.1 x 10 -_° sec, v+,_5.7 × 10 -v see,
w_r_+ _2, ¢o_r,a _0.07. Typical values of the same quantities for helium are given
by: T_19,500_K, Ta= T_2000°K, ne'Z2.8 × 10 e° electrons/m s, n=_2.4 x 10_e
atoms/m s, pe_0.55 mm Hg, p_0.05 mm Hg, p_4.64 mm Hg, qe(,_I.2 × 10 -iv
m _, q_._2.5× 10 -_ m _, v_2× 10_ m/see, X_0.02, _0.05, ao_2700 mhos/m,
o_400 mhos/m, r_3.4 × 10 -1° sec, vi,_5 x 10 -_ sec, w_v,_3, _r_,_0.006.
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These values were obtained at B = 0.05 weber/m 2, I0c = 400 amps, arc-jet power = 32
kw (for argon--4.7 kw into kinetic energy, 4.1 kw into static enthalpy, remainder
into coolant; for helium--2.5 kw into kinetic energy, 6.8 kw into static enthalpy,
remainder into coolant), cross-arc power=20 kw for argon (2.3 kw into kinetic
energy, 7.1 kw into static enthalpy, 10.6 kw into coolant) and 42.5 kw for helium
(3.4 kw into kinetic energy 21.1 kw into static enthalpy, and 18.0 kw into coolant);
total static cnthalpy into gas = 8.2 x l06 joules/kg for argon and 4.9 x l07 joules/kg
for helium, _h=1.36x l0 -3 kg/scc for argon and 0.57x10 -3 kg/sec for helium,
Ox=0.70 newtons, 0,=0.43 newtons for argon and 0.75 newtons for helium,

0
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V0=50 volts for argon and 106 volts for helium, and rhUl=3.56 newtons for

argon and 1.7 newtons for helium. A linear current-density distribution was

assumed in these computations and the evaluation of the various parameters

carried out at the point x where ½Ioc= t_ J_u_lx. Note that the degree of_vas

_u

ionization for helium is low enough to make naAe, = 5.2 × l08 only slightly smaller

than ne)t_t=27 × 10 a. Note also that it takes a minimum of 51.2 kw to ionize

1.36 x 10 -a kg/sec of argon and a minimum of 335 kw to ionize 0.57 × 10 -a kg/see

of helium. It appears that the static enthalpy for argon measured calorimetrically

is in good agreement with the static enthalpy (including ionization) obtained by

the momentum-change technique. The agreement is not so good for helium. It is

entirely possible, however, that the probable error in the helium static-enthalpy

estimate obtained from the scant calorimetric data available on helium can account

for the discrepancy. In any case, the assumptions made in obtaining these

estimates of species temperatures, concentrations, and collision cross sections do not

justify expectations of accuracy better than within a factor of two or three. Some

refinements of the theory have recently been carried out by Kontaratos (26).

The information obtained in these and previous experiments (8-18, 22),

notably the early results of Demetriades (22) and the more recent results of

Burkhard et al. (16, 17), were used to design a crossed-field plasma accelerator for

wind-tunnel applications (Figures 19 and 20). The objective of this accelerator was

to produce a stream of air with a velocity of approximately 8 x 10 a m/see and a

static pressure of 1 to 10 mm Hg. The design and testing of accelerator Mark

CA-1 was carried out under subcontract from MI-ID Research, Inc., for NASA/

Ames Research Center, Contract No. NAS 2-1170.

CONCLUSIONS

Momentum transfer to plasmas by I_rentz forces away from boundary and

transition regions can be described quantitatively by means of a generalized

Ohm's law for multicomponent, two-temperature plasmas expressed in terms of the

plasma properties and species temperatures and concentrations. The assumption

of local thermal equilibrium is not required in this approach.
Observations and measurements of momentum change and other effects are

reported that are substantially in agreement with theory. This experimental

verification of the theoretical predictions instills confidence in the use of the

generalized Ohm's law to describe the conduction of electrical current through

plasmas in the presence of magnetic fields and appears to justify most of the

assumptions made in this crude analysis.

The measurement of momentum change effects brought about by the interaction

of the cross arc with the magnetic field yields valuable information on plasma

properties and species temperatures and concentrations in the absence of local

thermal equilibrium.

Preliminary independent measurements of some of these parameters appear to

be in agreement with the results obtained by momentum-change techniques.

Refinement of the theory is required to improve the accuracy of these measurement

techniques.
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17. L. J. Krzycki, H. M. Larsen,
and W. M. Byrne, Jr. :
Magnetohydrodynamic Power
Generation from a Supersonic
Rocket Exhaust

A theoretical and experimental feasibility investigation of an

MHD electrical power generator using a supersonic rocket exhaust

(Mach 2.3, 2160 m/sec) as the working fluid was conducted at the

Naval Ordnance Test Station, China Lake, California. Theoretical

calculatious of thermal ionization and gas conductivity, using a

digital computer, indicated that a supersonic gas source had definite

advantages over a subsonic one. Experimental firings of a liquid

rocket-MH D power generator proved the .feasibility of the concept and

indicated areas of developmental di_ulty.

INTRODUCTION

Theoretical and experimental studies have indicated that the MHD generator,
in which electrical power is generated without the use of moving parts from the
magnetohydrodynamic interaction of a partially-ionized gas and an external
magnetic field, is one of the few systems potentially capable of satisfying the unique
power requirements of present and future weapons systems (1). Further study
indicated that supersonic MHD power generation using a sohd-fuel plasma source
would be an ideal method of generating large amounts of electrical energy for
short periods of time. MHD power generation systems were envisioned which had
high power densities, long shelf life, and rapid start capabilities.

At the time the project reported herein was initiated, little theoretical, and no
experimental, work had been reported on MHD power generation from a supersonic
gas stream. It was deemed advisable, therefore, to determine by means of a

theoretical and experimental program at least some of the difficulties associated
with supersonic MHD power generation.

THEORY

MHD POWER GENERATION

The mechanism of MHD power generation is similar to that of conventional
rotating generators, in that an electrical conductor is moved across a magnetic
field and a potential difference is induced along the conductor. In the conventional

mechanical generator, an external power source causes a metallic conductor to

ED. nOTE: Mr. Krzycki, Mr. Larsen, and Mr. Byrne, are with the Propulsion Devel-
opment Department, U.S. Naval Ordnance Test Station, China Lake,
California.
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rotate in a magnetic field. In the MHD generator the metallic conductor is replaced

by an ionized gas and the external power source by a pressure differential. The gas

flows through a region which is subjected to a strong magnetic field perpendicular

to both the gas flow and to electrodes in contact with the moving, ionized gas. An

external load connected to the electrodes draws energy from the gas stream which

in turn suffers a reduction of enthalpy as a result of the power extraction. Figure 1

shows a simplified rocket-MHD (RMHD) generator in which a chemical rocket

engine furnishes the partially-ionized gas to the MHD power channel.

POWER LEAD

OXIOIZER

FUEL_ ROCKET MOTOR MAGNETIC FIELD

o $_ED

FIGURE 1. Schematic diagram of RMHD generator.

The equations describing the operation of MHD power generators are well

documented; see (2), for example. For initial engineering calculations, the following

equations can be used (2).

(a) Voc = uBW

(b) Isc = ouBDL (1)
au2 B 2

(c) I] -
4

The electrical conductivity of the gas, a, is a function of both pressure and

temperature for a given chemical composition. The electrical conductivity of

seeded equilibrium combustion gases rapidly reaches a maximum on the order of

tens of mhos per meter. The magnetic field, B, is a separate variable which, in

most cases, can be varied independently of the gas. (As we shall see later, the

strength of the magnetic field can affect the gas conductivity.) The velocity of the

fluid may be widely varied depending upon whether the flow is subsonic or super-

sonic. The dependence of the maximum generated power density on the term u 2

means that a reduced electrical conductivity due to the expansion of the gas can

be more than compensated for by the increased gas velocity associated with that

expansion. For this reason, MHD power generation using a supersonic combustion

gas is very attractive from the point of high generated power density.

THERMAL IONIZATION

To obtain the functional dependence of a on the thermodynamic variables and

constitution of the gas, it was first assumed that the electric current in the gas
was due to the motion of free electrons under the influence of the electric field,
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and further, that these electrons were produced by thermal ionization of seed gas
atoms. An expression was required which related the equilibrium number density
of electrons to the neutral particle number density, in terms of the thermodynamic
variables of the gas. The equilibrium degree of thermal ionization of a gaseous
species is given by the Saha equation (3, 4)

Px 2 23070_.,
log _ = 4._tZ.O log T+log g_e-6.491 (2)go

where x is the degree of ionization, P is the gas pressure in atmospheres, _ is the
ionization potential of the species, and T is the Kelvin temperature. The constants
gi, ge, and go, refer to the multiplicity of energy states of the ion, electron, and
neutral atom, respectively. Suitability arguments have been formulated which
justify the application of the Saha equation to a complex system such as a com-
bustion product gas. In the temperature and density regime typical of chemical
rocket engines, the degree of ionization of the gas is relatively low; however, with
the addition of a small amount of an alkali metal or its salt, the number density
of electrons can be greatly increased. In this case, the Saha equation can be _Titten

In _ = +2.5 In T--ln P,+k2 - _ (3)

where kl = - 1.1616¢ × 104, k2 = -- 14.946, and Ps is the partial pressure of the
monatomic form of the seed gas in atmospheres. For the case of macroscopic
electrical neutrality, equation (3) can be solved for the degree of ionization of the
alkali metal seed

nJn s = (e-"+ 1) -1/2 -- x (4)

where n s is the number density of seed atoms initially present in the gas mixture.
The particle density of species j is related to its partial pressure by

nj = Pj/kT (5)

where k is the Boltzmann constant. Implicit in equation (5) is the assumption
of a Maxwellian velocity distribution--a valid assumption for the collision-dom-
inant case of ordinary chemical rocket processes. If the molar concentration of
species j is denoted by X t, equation (5) can be re_Titten as

n_ = k_XflT (6)

where ]ca takes the constant value 1.013(AAA)× 10s/k. (AAA) is a conversion
factor for molar concentration to partial pressure and is printed on the output
sheets of the NOTS Propellant Evaluation Program (5)_. Equations (4) and (6),
when combined, give the free electron density of the gas as

n_ = xk3X,/T (7)

where Xs is the molar concentration of monatomie seed material.

ELECTRICAL CONDUCTIVITY

The d-c electrical conductivity, a, of a gaseous mixture can be written as (6, 7)

4.5 × 10-12n e
= (s)

T 112_. njQj
i

? The _'OTS Propellant Evaluation Program is a computer program (IBM 7090) used to

determine the thermodynamic parameters of a propellant combination. The temperature,

enthalpy, entropy, ratio of specific heats, molecular weight, and gram-moles of the constituents

at equilibrium are calculated for both the combustion chamber and the exhaust. The expansion

process assumes shifting equilibrium and dissociation of the combustion products.
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where Qj is the elastic scattering cross section of species j with electrons. The
various terms involved in the summation refer to the interaction of electrons with

electrons, ions, seed atoms, and typical combustion-product molecules. For a

macroscopically neutral plasma, equation (8) can be rewritten with the aid of

equations (4) and (5) as

4.5 x 10-12
(9)

a = T1/2(Q e +Q_+Qdx + PQo/xP_)

where the subscripts e, i, s, and 0 refer respectively to electrons, ions, seed atoms,

and typical combustion molecules.

The electron-electron cross section as given by Fay (7) is

[1 4 x107r3,21 (10)
Qe = 2.1x 10-1°T -2111 ( _ .j

Using equation (7) this may be written as

[1.24 x 107T5/2.]
Qe = 2.1x 10-1°T -2 In [ xk3X_ J (11)

The electron-ion cross section (8) can be written in e.g.s, units as

Q_ = 8.1b 2 In (h/b) (12)

where h is the Debye lengtht and b is the impact parameter for 90 ° scattering+ +.

By the same method as was used to obtain equation (11), and converting to

m.k.s, units, the cross section can be written as

[1.54 x 101*T *]
Q' = 1"25x 10-1°T-21n [ xk3-X--_ J (13)

The d-c electrical conductivity of seeded rocket exhaust gases is given by

equation (9) in terms of the thermodynamic variables of the gas. The interaction

terms, Qe and Q_, are given in terms of the thermodynamic variables of the gas by

equations (11) and (13). Terms Q_ and Q0 are constants. For the electron energy

range involved, a value of 4 x 10-1s square meters may be assumed for Q_ (9)

while a representative value of Q0 would be 2 x I0-19 square meters (7).

MAGNETIC FIELD EFFECTS

The design of MHD generators using strong magnetic fields is complicated by the

fact that the electrical conductivity is not merely a scalar function of the tempera-

ture and pressure, but is also a tensor function of the magnetic field. This tensor

quality reduces a in a direction perpendicular to the magnetic field (10) as

(y

rr. -- 1 +oJ2r 2 (14)

where _o is the gyromagnetic frequency of the electron (a function of B only) and

T is the electron collision period (a function of the thermodynamic variables of the

gas). In addition, the current density in the gas is no longer parallel to the electric

field (Hall effect), but has a component along the axis of the generator channel.

"_ h = (kT/4_n_e2) ls2

h=e,2/3kT
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The value of oJr is given by

or = 1.3 × 103(B/P)(T) 1/2 (15)

The derivation of this relationship is given in Appendix A. A constant value for

the gas-particle collision cross section of 3× l0 -.9 square meters (6) has been

chosen for the energy range and species appropriate to the systems under
consideration.

MICROWAVE DIAGNOSTICS

For an experimental verification of the programmed conductivity expression,

a series of microwave experiments was performed to determine the electron density

in the supersonic exhaust of the rocket engine which was used in the power genera-

tion experiments. The results of this study, which indicated good agreement with

the electron densities predicted by the programmed expression, are presented in

(11).

THEORETICAL CALCULATIONS

The equations describing tile thermal ionization and electrical conductivity

of seeded combustion products were programmed for digital computer (IBM

7090) solution. Figures '2 through 9 show the variation of some of the parameters

and equations discussed under THEORY. These figures were theoretically deter-

mined using conditions that were typical of those used in the experimental inves-

tigation. Figures 2 through 9 are all plotted against a common abscissa which

indicates a wide range of cesium carbonate seed rates. Figures l0 and 11 are plots

of the electron density and electrical conductivity at the entrance of the MHD

channel for conditions of interest other than those actually used in the power-

generator experiments. A sample calculation of the thermal ionization and

electrical conductivity in a_rocket engine exhaust is presented in Appendix B.
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POWER GENERATION APPARATUS

LIQUID-FUEL ROCKET ENGINE

The NOTS rocket-MHD experiments utilized a small research rocket engine

which burned gaseous oxygen and methyl alcohol. Seed material was caesium
carbonate which was dissolved in the alcohol prior to the experiment. The NOTS

Propellant Evaluation Program (5) was used to calculate the thermodynamic
properties of the rocket combustion process.

The nozzle exit Mach number (the MHD channel entrance Mach number) was
selected on the basis of an optimization study employing the NOTS Propellant

Evaluation Program and the NOTS Electrical Conductivity Program. The results
of this optimization study are shown in Figures 12 and 13. The goal of the study
was to determine the channel Mach number and seeding rate which would give

the highest generated electrical power density based on equation (lc). The Mach
number thus chosen was 2.3 and the seeding rate was eight per cent cesium

carbonate by weight of the total propellant and seed flow through the generator.
The initial design of the RMHD rocket engine (design "A") used a nozzle with a

22-degree expansion half-angle. This abnormally large angle was necessary because
of the fabrication technique used in the construction of the square-throat, rectan-

gular-exit nozzle. Flow separation and extreme erosion of the power-channel-
insulating side plates were experienced with this nozzle. However, numerous
tests were conducted and electrical power was generated through its use. This

engine was also used in the microwave diagnostics study (11).
Because of the flow separation and channel erosion experienced with engine

design "A", an advanced design was formulated (design "B") using a different
fabrication and assembly technique which reduced the expansion half-angle of the
nozzle to 10 degrees. A constant-area, water-cooled, flow-straightener section,
! inch long, . ..... +*Q.I,_A +_ *_,;..... 1. _;*. +.... ;.,. +6_ _.... ;"+" ° parallel
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stream. A nozzle-exit pressure line for measurement of the static pressure immedi-

ately upstream of the power channel entrance was attached to the flow straightener
section. This engine design resulted in improved flow characteristics and reduced
the erosion problem of the channel-insulating side wall.

Specifications and operating parameters for the water-cooled copper rocket
engine were:

Sonic throat
Nozzle exit

Combustion chamber pressure

Combustion chamber temperaturc
Nozzle exit pressure
Nozzle exit temperature
Nozzle exit Mach number

Total propellant flow
Cooling water flow
Energy loss to coolant

0.50 x 0.50 inches (square)
0.50 × 1.35 inches (rectangular)
294 psia
3159°K (8 per cent seed rate)
22 psia
2550°K

2.3 (2160 m/see)
0.42 lb/sec
2-3 lb/sec
60 kilowatts

Tile injector used for all RMHD rocket engine operations was of tile impinging-
stream type with nine triplet combinations. Injector and combustion chamber
lifetimes were normally measured in terms of hours of actual firing time.

POWER CHANNEL

The NOTS RMHD generator used a constant-area supersonic power-extraction
channel. This structure presented a great number of material and operational
problems. Both continuous and segmented electrode configurations were used.
The experimental results discussed in this report are from the continuous electrode
configuration only. Several designs of segmented electrodes were tried. Each
design was rejected after hot firings because of failure to maintain either electrical
or structural integrity over even a short time period.

The RMHD power channel consisted of two water-cooled, non-magnetic stainless-
steel, backing plates supporting the electrically-insulating material. This assembly
formed the walls of the channel normal to the applied magnetic field. The electrodes,
which were fitted between the side walls, were water-cooled copper. The electrode

surface exposed to the hot gas flow was knurled to break up the boundary layer;
it was hoped that this would permit better contact between the electrode and the
ionized gas. The electrode area was 0.50 × 4.2 inches. The short generator length
was determined by the length of the magnet-pole pieces and did not represent any
appreciable fraction of the total generator length that might have been used had a
more suitable magnet been available to the project. Immediately downstream
of the power generating section the flow- was rapidly expanded to lower its conduc-
tivity and reduce end losses. Electrode-cooling water was dumped into the
hot exhaust at the end of the power channel. Electrical connections to the elec-
trodes were made through the electrode water coolant lines. The channel was
assembled with nonmagnetic stainless-steel cap screws and micarta insulating

sleeves. Epoxy resins and Sauereinsen high-temperature cements proved helpful
in channel component assembly and sealing, and appeared to endure the operational
environment well.

Magnesium oxide (MgO) in two different grades and Vycor glass in rolled form
were used with partial success as materials for the insulating side walls of the
power channel. These walls were required to have electrical resistance orders of
magnitude greater than the ionized gas resistance yet they were directly exposed
to the hot (2550°K)_ high-velocit.y (2160 m/see) gas stream,



Sorton Magnorite fused J ig0  in 4-  and )-inch-thick slab form and Lofero HI1 
NgO brick (cut and ground to the required size for use in the power channel) in 
$-inch-thick slab form were the two JZgO materials used. I n  the initial experiments 
the +-inch-thick Magnorite plates were used but this thickness was found difficult 
to  handle in assembling the power channel because of its brittleness. Thereafter, 
all MgO insulating plate thicknesses were :-inch. The Lofero HM brick was 
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97 per cent MgO with small amounts of other oxides. Results from the power 
generation runs indicated that the fused MgO was able to endure the hot, high- 
velocity gas stream better than the 97 per cent MgO. 

Both A- and $-inch-thick Corning Vycor glass plates mere used in tlie generator 
experiments. Again, beraiise of assembly tliffiriilties with the A-incli thickness in 
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the initial experiments, all sucet_<ling runs were made with the _-ineh thickness.
The Vycor glass had a tendency to flow during the experiment and after a firing
of 30 or more seconds about half of the _-ineh-thick plate would be gone. Figure 14
is a photograph of the RMHD power channel attached to engine design "B"
after a power generation run of 41 seconds. Vyeor glass was used as the insulating
material and the roughened surface and flow of glass is noticeable in the photo.

FLOW VISUALIZATION

The flow pattern occurring within the power channel of the RMHD generator
was of interest because of the possibility of shocks due to the supersonic gas stream.
Subsonic-flow MHD power generators are not subject to this phenomenon,
although flow patterns through them also are important. Spark shadowgraph
photographs were taken of a gaseous nitrogen flow through transparent-walled
devices which duplicated in dimension and configuration the RMHD power
channel with continous electrodes. In the cold flow studies the continuous electrode

configuration was used with one electrode surface knurled while the other remained
a smooth, machined surface. Nitrogen plenum conditions were adjusted so that
the channel static pressure matched that experienced in the hot-fired experiments.
The cold flow channel Maeh number was 2.5, while the hot flow case was 2.3.

Figure 15 is a composite of three spark shadowgraph photographs indicating the
shock structure in the RMHD channel with engine design "B". The knurled
electrode surface clearly perturbs the flow and yields the desired mixing action.
Comparison of the cold-flow shock locations and the erosion pattern observed on
the MgO and Vyeor insulating plates which had been subjected to hot firings
indicated a striking similarity. The conclusion to be made from the flow-visuali-

zation studies is that contoured nozzles designed to give shock-free and parallel
flow at the nozzle exit are required for acceptable flow in a supersonic MHD power
channel.

MAGNET

An uneooled d-c laboratory magnet with adjustable pole gap was used in the
NOTS RMHD experiment. The limitations imposed because of the small field

volume of the magnet were many. Foremost was the influence on power channel
design. When the _-inch-thick insulating plates were used in channel fabrication,
it was possible, by operating the magnet at overload conditions, to maintain a

10,000-gauss field across the power channel. However, when the _-inch-thick
plates were used, this field was reduced to 5700 gauss.

LOAD ELEMENT

The load element for the RMHD generator was an air-cooled, 16-ohm, manually-
operated rheostat. The potential across it and the current through it were recorded
on an optical galvanometer oscillograph. A wattmeter was used to determine the
maximum power point for the generator when it was under load.

POWER GENERATION EXPERIMENTS

TEST ARRANGEMENT

The RMHD experiments were performed in the magnetofluids experimental
bay at the Applied Research Laboratory, NOTS.

12+
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Gaseous oxygen was rcgulated by rcmotely-loaded dome regulators. The flow 
was controlled by two remotely-operated ball valves; flow rate was measured with 
an ASME thin-plate orifice. Differential pressure was measured by a high-pressure 
manometer. 

Methyl alcohol and cesium carbonate seed were premixed before the experiment 
and then stored in a high-pressure, stainless-steel fuel tank. The fuel was pressurized 
by gaseous nitrogen regulated by remotely-loaded dome regulators. Fuel flow 
rate was measured with an ASME thin-plate orifice and a mercury manometer. 
An empirical calibration curve was used for the liquid fuel flow (with seed material), 
while flow curves were calculated for the gaseous oxidizer. All pertinent differential 
and line pressures were photographically recorded from a gauge panel. All dome 
handloaders and valve controls were located in one console in full view of the 
gauge panel, so that chamber pressure and oxidizer-fuel ratio could be monitored 
-and controlled-during a run. 

Ignition of the primary propellants was accomplished by heating a carbon rod 
to incandescence in an oxygen and propane flame inside the chamber. When the 
rod was incandescent, the primary propellant flow was initiated. The hot carbon 
rod ignited the propellants and was then blown from the engine by the exhaust. 

The rocket engine test stand was an integral unit which also contained a support 
for the MHD power channel. An over-head view of this experimental arrangement 
is shown in Figure 16. 

FIGURE 16. RMHD generator and magnet. 

EXPERIMENTAL PROCEDURE 
The usual operating procedure for an RMHD power generation run follows. 

With all facility equipment and recording apparatus operational, the cooling water 
flow for the rocket engine, the backing plates, and the electrodes was started. 
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The magnet current was padually increased to operating value n hile, simulta- 
neon~ly. the pilot flows ofpropane and oxygen 11 ere ignited and the carbon rod heated 
to  incandescence. The oscillograph n as started and the primary propellants were 
irijeeted into the combustion chamber. After ~r imar~-i~ropel lant  ignition the cham- 
ber pressure 11 ould build smoothly to the desired value in about four seconds. 
During this initial phase only the open-circuit voltage i r  a b  being recorded. Small 
changes 15 ere made in the propellant flow rates to  bring chamber pressure and 
oxidizer-fuel ratio to  deqign ralues. At this point the RMHD generator  vas 
alternately switched from the open-circuit condition to the short-circuit condition. 
Then the load resistor was cycled through its full range to ohtain a voltage-current 
characteristic. When maximum power conditions were obtained (as indicated by 
a irattmeter) the motor-generator pon ering the magnet nits cut and the magnet 
current allon ed to  4on 1y decrease. This entire test procedure I\ as repeated for the 
duration of the firing. IVhen thc run v a s  terminated an  ailtomatic nitrogen flush 
s,v+tcm purged the rocket engine and power channel. -1 photograph of the RJIHL, 
griicrator during a hot firing i Iio\vn in Figure 17. 

FIGURE 17. RMHD generator in operation. 

ESPERIJIESTAL RESULTS 

Esperirnental1~- measured roltagc and current and the computed pou er for the 
seven successful firings of the RMHD generator (April through December of 1967) 
are tabulated i n  Table I. The theoretical values for the first two firings are approxi- 
mations due to  the rocket engine operating far from desircd conditions (due to the 

conductivit?- data was lacking in this regime. All ralues in the 
Per cent 'Theorr.tica1" refer to the nicawred percentage of 
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TABLE I. SUMMARY OF EXPERIMENTAL RMHD GENERATOR RESULTS

Experiment Number 41

34.9

/ 47.2

Open.circuit voltage

Measured (volts)
Per cent theoretical

Short.circuit current

Measured (amperes)
Per cent theoretical

Maximum Power

Measured (watts)
Per cent theoretical

Seeding rate (per cent)

Magnetic field (gauss)

Gas conductivity (mhos/meter)
[see equation (14)]

Experiment duration
(seconds)

I

3.4

4.6

3.5
0.26

25.4

7.2

2 3

29.0 31.8
40 44

6.3 3.6
9 4.2

6.1 18.2
0.48 1.2

8 8

__]__

24.5 30

32.3 7.1

18.2
43

5

28.1
66.4

2.9
6

7

13.6
32.3

----j

2.53
5.5

5.38
1.1

6

17
40

2.34
5

2.5
5.4

9.1 23.7 12.8
4.7 2.6

8 8 I 4 8
i--I--

-5700 5700 I 5700

27.8 28.7 27.8

5700

27.7

244

the theoretical maximum predicted under the operating conditions at the time the

experimental measurement was made. The MHD channel equations given by

equation (1) were used in calculating the theoretical maximums. The gas conduc-

tivity was obtained from the programmed electrical conductivity expression and

corrected for the effect of the magnetic field, equation (14). Appendix C presents

a sample calculation of the MHD generator characteristics.

Figures 18 and 19 contain the external characteristics and power curves for two

of the RMHD generator firings. For the run represented by Figure 18 Vycor glass

insulating side plates were used and the cesium carbonate seed rate was 8 per

cent. For the run represented by Figure 19 fused MgO insulating plates were used

and the seeding rate was 4 per cent. The curves indicate that the same general

trends apply to both runs.

The data for Figure 18 were taken in a 14-second elapsed time interval beginning

23 seconds after engine ignition by varying the load rheostat from open to short

circuit. The voltage decreased linearly from the open-circuit to the short-circuit

condition. The power curve indicates that the maximum point occurred at a current

of 1.6 amperes and a potential of 13.5 volts. The load resistance under these condi-

tions is 8.4 ohms. From simplified theory (7) maximum power is drawn when

the external and internal resistances of the generator are matched. Therefore, the

effective internal resistance of the generator is 8.4 ohms.

The data for Figure 19 were taken in a 7-second elapsed time interval beginning

15 seconds after engine ignition. Desired flow rates and stable engine operation

were achieved 13 seconds after engine ignition. The voltage decreased almost

linearly from the open-circuit to the short-circuit condition. A slight decrease in

dV/dI appeared as the current increased. The open-circuit voltage maximum

changed 9.3 per cent during the 7-second recording interval. The power curve

indicates that the maxim___m_ power point occurrcd at a current of 0.9 amperes and
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FIGURE 18. Performance characteristics of RMHD generator.

a potential of 9 volts. The load resistance is therefore 10 ohms. In a similar measure-

ment, taken 165 seconds after ignition, the resistance was calculated as 9.4 ohms.
Since the internal and external resistances are the same at the maximum power

point, the voltage drop is the same and, therefore, the 0pen-circuit voltage is
twice the maximum power-point voltage. This value of 18 volts demonstrates
good agreement with the measured open-circuit voltage of 17 volts.

According to simplified theory the internal resistance of the generator is given
by (7)

W

R = a.D-'---_ (16)

From known dimensions of the power channel and a measured internal resistance
of 10 ohms, the conductivity of the gas is found to be 2.5 mhos/meter. The short-
circuit current is given by equation (lb). Using this equation and a value of 2160
meters/sec for the gas velocity (this velocity is given as part of the NOTS Pro-
pellant Evaluation Program) the gas conductivity is computed to be 1.8 mhos/
meter. Using the calculation procedure of Appendix B, the gas conductivity is
found to be 27.8 mhos/m.

For the ideal generator the maximum power produced by the generator may be
given by (7)

p = (Voc)(I,c) (]7)
4
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CURRENT. AMPS 

FIGURE 19. Performance characteristics of RMHD generator. 

FIGURE 20. RMHD voltage noise (gain, 0.5 volts/cm; sweep, 0.0002 secjcm). 
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From Figure 19 one finds that the maximum power point is 95 per cent of the the-
oretical power available, based on the measured values of the open-circuit voltage
and the short-circuit current.

The optical galvanometer oscillograph traces of the RMHD generator potential
and current showed that these parameters had alternating components about,
10 per cent of the d-c levels. Actual cyclic phenomena were almost impossible to
interpret, but oscilloscope photographs of the open-circuit voltage indicated several
frequency modes (360, 1250 cps and others). A photograph of this voltage oscilla-
tion is shown in Figure 20. This type of MHD generator behavior has been reported
by other investigators (12).

CONCLUSION

Electrical energy was generated from an MHD interaction with an electrically
conducting supersonic combustion gas. The small scale of the experiment pre-
cluded diagnostics within the MHD channel. The external experimentally deter-
mined characteristics of the generator agreed well with idealized MHD
channel theory. The electrical conductivity of the supersonic gas within the channel
showed some variance with the values predicted by programmed thermal ionization
and gas conductivity equations.

It was found that the 2160-meters/see gas stream created an environment of
severe heat transfer and drag on the structural elements of the power channel.
Segmented electrodes were not successful in this environment; however, further
design would probably have resulted in a suitable configuration. Knurling of the
continuous water-cooled copper electrode surfaces to break up the boundary layer
resulted in increased power output from the generator. Inspection of the electrode
surfaces and the insulating wall material after hot firings revealed that the bound-
ary layer may have been _-ineh thick; the reduction of electrode area would be
about one-half. Cold flow visualization studies and inspection of the insulating
wall material after hot firings indicated that contoured expansion nozzles are
necessary for supersonic MHD generator channels to prevent shocks and material
erosion.
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NOMENCLATURE

AAA
B
b
D
e

g
h
I

]c

kl
k2
ka

Conversion factor (5)

Magnetic field strength, webers/m u
Impact parameter, cm
Width of electrode, meters

Electron charge, 4.803 × 10- lo esu
Multiplicity of energy states, dimensionless
Debye length, cm
Current, amperes
Boltzmann constant, 1.3804 × 10-23 joule/OK
Constant, - 1.1616¢ × l04
Constant, - 14.946

Constant, 1.013 (AAA) × 105/k
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L
M

'm e

n

P

Q
R
T
U

V
V

W
X
X

I1
P

O"

OJ

Subscripts

e

t

J

o

oc

8c

3_

Length of electrode, meters
Mach number, dimensionless

Mass of electron, 9.1085 x 10 -31 kg
Particle density, particles/volume
Pressure, units as indicated
Collision cross section with electrons, m 2

Internal resistance of MHD generator, ohms
Temperature, degrees Kelvin
Velocity, meters/sec
Voltage, volts
Electron thermal velocity
Distance between electrodes, meter

Molar concentration, gram-moles/100 grams
Degree of ionization, dimensionless
Parameter in equation (3)
Mean-free-path, meters
Maximum power density, watts/m 3
Power, watts
Electrical conductivity, mhos/meter

Electron collision period, seconds
Ionization potential, volts
Electron gyromagnetic frequency, radians/sec

Electron
Ion

jth species
Neutral atom

Open circuit
Seed
Short circuit

Magnetic field dependency

Appendix A

SIMPLIFIED EXPRESSION FOR (or IN PARTIALLY-IONIZED GASES

The degree to which tile transport coefficients of a partially ionized gas are
modified by a magnetic field is a function of the product _or, where _o is the gyro-
magnetic frequency of the electron and 7 is the mean time between collisions of
electrons with atomic and molecular particles. For seeded combustion gases

assumptions may be made which lead to a simplified expression for (or.
The gyromagnetic frequency of an electron is

_o = eB/n_c

where e is the electronic charge, mc is the mass of an electron and B is the magnetic
field.

To calculate the collision period the assumption is made that the combustion
gas is seeded with small amounts of materials which are easily ionized and that the
fluid is a perfect gas in thermodynamic equilibrium and exhibits a small degree
of ionization. The electron collision period is

_ ._,/v
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where _ is the mean-free-path for electrons and v is the electron thermal speed
which is given from kinetic theory considerations as

v = (8kT/r_me) 112

The mean-free-path for electrons is

= 1/nQ

where n is the gas particle density and Q is the gas particle collision cross section.
The gas particle density is

n = P/kT

Combining the above relations one obtains the expression

007 = (e/Q)(Trk/Sme)ll2(B/P)(T) 112

Substituting the values of the electron charge and mass and assuming a value for
the collision cross section of 3 × 10-1_ square meters (6) one obtains

cot = 1.3 x IOa(B/P)(T) 1:2

Appendix B

CALCULATION OF ELECTRICAL CONDUCTIVITY

To illustrate the procedure used in calculating the degree of ionization, the free
electron density, and the electrical conductivity in a rocket engine exhaust, a
sample calculation will be made. The rocket engine burns gaseous oxygen and
methyl alcohol at an oxidizer-fuel ratio of 1.45 with a combustion chamber
pressure of 177 psia. The propellant is seeded with cesium carbonate to the amount
of 1 per cent by weight of total mass flow. The values of the thermodynamic
parameters at the nozzle exit for an isentropic expansion to 14.7 psia with shifting
equilibrium, as given by the NOTS Propellant Evaluation Program (5), are

T = 2585°K

Ps = 1.563 x 10 -a atmospheres
AAA = 0.2562

Xs = 6.1 x 10 -3 gram-moles/100 grams

The ionization potential for cesium is 3.87 volts, so that equation (3) becomes

(1.1616 × 104)(3.87)+ 2 5 In (2585)-1n (1.563 × 10-a) - 14.946
--- 2585 "

-----6.238

The degree of ionization of the _ material is now given by equation (4) as

x = (e6"23S+l) -1'2 = 0.0442

The monatomic cesium gas is ionized to the degree of 4.42 per cent. The value
of ka is found to be 1.881 × 1027, so that the electron density in the rocket exhaust

gases is found from equation (7) to be

(0.0442)(1.881 × 1027)(6.1 × 10 -3)
ne = 2585

ne = 1.96 x 1020 electrons/m 3
12"
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The electron electron cross section is fotmd from equation (11)

Qe = 5.85 x 10 -16 m 2

and the elec|ron-ion crt)ss-section is found from equation (13)

Qi = 1.78x 10 -16 m 2

From equation (9) the electrical conductivity is found to be

a = 24 mhos/meter

Appendix C

CALCULATION OF MHD GENERATOR PERFORMANCE

The NOTS Propellant Evaluation and Electrical Conductivity Programs were
used to obtain the MHD channel-entrance parameter values. For a typical MHD

generator firing these values were:

Temperature
Pressure
Seed rate

Magnetic field
Gas velocity
Gas conductivity
W
D
L

2550°K (calculated)
17.33 psia (measured)
8 per cent (measured)
5700 gauss (measured)
2160 meters/see (calculated)
35.4 mhos/m (calculated)
1.35 inches

0.50 inches (measured)
4.20 inches

Since continuous electrodes were used in this typical experiment the value of cot
must be considered. From equation (15) one finds

(1.3 × 103)(0.57)(2550) 1/2
wr = (17.33/14.7)(1.013 × l0 _)

wr = 0.312

where the channel-entrance pressure has been converted to newtons/m e. The
effective electrical conductivity of the exhaust gases is given by equation (14) as

35.4
= 32.2 mhos/meter

al - 1 + (0.312) 2

The open circuit potential, Vo_, is computed from equation (la) as

Voc = uBW = (2160)(0.57)(0.0343) = 42.3 volts

The short circuit current is given by equation (lb) as

I_ = a±uBDL = (32.3)(2160)(0.57)(0.0127)(0.1067)

Isc = 53.8 amperes

The maximum power density is given by equation (lc) as

II = a±u2B2/4 = (32.2)(2160)2(0.57)2/4
1] = 12.2 megawatts/m 3

From this value, the maximum generated power of the RMHD generator is

P = H x (volume of channel) = (12.2 x 106)(0.0343)(0.0127)(0.1067)
P = 565 watts
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18. A. I. Carswell, M. P. Bachynski,
and G. G. Cloutier:

Microwave Measurements of
Electromagnetic Properties of
Plasma Flow-fields

__ Meazurements of the transmission, reflection, and radiation of

microu_tve energy by a flouqn 9 plasma can, in principle, lead to an

understanding of the electromagnetic properties of the plasma. This

paper deals with (1) the limitations in settin9 up theoretical models

which will allow the interpretation of the mcasurements, and (2) the

di_culties and techniques in setting up experiments which lend them-

selves to theoretical interpretation.

The importance of such effects as near- and far-field diffraction,

refraction, multiple-reflection, and stray scattering are illustrated by

a series of measurements conducted on a typical experimental arrange-

ment. A high time-resolution microwave technique for obtaining

simultaneous information on the phase and amplitude of the probing

microwave sifnal has been developed and its use for the measurement

of rapidly varying plasmas illustrated. Considerations on the possi-

bilities and the limitations of improving spatial resolution are also
outli_wxt.

I_boratory investigatious of the reflection of microwaves from

supersonic plasma fiow streams are described. Back-scattering measure-

ments at frequencies of 9.4 Gc and 24 Gc on laminar and turbulent

supersonic plasma streams and the effects of turbulence in the flow and

polarization of the incident microwave fields on the scattering properties

of the plasma have been studied.

INTRODUCTION

Because of the present interest in the reentry environment, a need exists to
examine the properties of gas-dynamic flow-fields in which there is a significant
degree of ionization. Among the many possible methods available for studying
these plasma systems (1), microwave "probing" techniques offer many apparent
advantages.

The use of microwaves for plasma diagnostic purposes has, in recent years,
been the subject of detailed investigation by many workers (2); considerable

ED. _OT_.: Dr. Caxswell, Dr. Bachynski, and Dr. Cloutier axe at the Research Labora-
tories, RCA Victor Company, Ltd., Montreal, Quebec, Canada.
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progress has been made. The purpose of the present paper is to discuss the appli-

cation of the various microwave techniques to the study of plasma properties in

the presence of a (supersonic) flow-field. Since the detailed properties of such plasma

systems are. in general, extremely complex because of the large number of phenom-

ena taking place simultaneously, it is desirable to examine the "conventional"

microwave diagnostic methods in the light of these additional effects.

In this paper the material will be somewhat restricted in that we shall orient

the discussion towards the types of plasmas encountered in the laboratory facilities

used for the generation of high-velocity plasma flow-fields, i.e., the plasma tunnel,

the shock tube, and the ballistic range (3). This area encompasses a large portion

of recent work on plasma flow effects and should serve to illustrate the essential

factors involved in the microwave study of any "moving" plasma. An attempt has

been made to examine the more practical aspects of the work with the main

emphasis being on an examination of the problems involved in making meaningful

measurements and in understanding their limitations. Experiments in our labora-

tories have indicated the importance of these problems, and results from these

investigations will be used as illustrations.

Before discussing in detail the factors relating to the microwave measurements

it is worth examining briefly the general situation which faces research workers

at present in this field. We have attempted to summarize these in the simple

block diagram of Figure 1. As shown in the diagram, the determination of the

properties of any real plasma system depends on two factors, namely the avail-

(A) THEORY

lJ L-.J
PHYSICAL MATHEMATICAL RESULTS &

(COMPLEX, LIMITEDDATA) MODEL I "1 MODEL ] -] PREDICTIONS

(B) EXPERIMENT

REAL SYSTEM ___ SCALED OR ___
(INACCESSIBLE OR SIMULATED

UNCONTROLLABLE) SYSTEM

COMPARISON
INTERPRETATION

CORRELATION

MEASURING F-_
DEVICE

t
THEORETICAL

RESPONSE OF THE
MEASURING DEVICE

RESULTS

FIGURE 1. Block diagram showing the various considerations involved in studying
plasma flow-fields.
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ability of a theory which can adequately describe the physical situation, and an

experimental capability to make measurements of the quantities described by the

theory. It is essential to remember that the theory and experiment are inter-

dependent and complementary. Because of the complexity of "flowing" plasma

systems it is often difficult to make a direct and meaningful comparison between

theory and experiment.

Usually the theoretician is restricted in his analysis not only by the complexity

of the problem but also by a lack of good quantitative experimental data which

he can use as a guide. In order to handle any problem analytically it is necessary

to select a suitable physical model to describe the particular plasma system of

interest. In most instances this step involves assumptions and simplifications that

may limit the amount of quantitative information about the real system which

can be deduced from the model. Usually it is necessary to make a compromise
between a model which is accurate (and hence very complicated both physically

and mathematically) and one which is less exact but is mathematically tractable.

Thus it is essential for the experimentalist, who is endeavouring to compare his

results with the theory, to be aware of the limitations of the particular theoretical

analysis with which he is dealing.

From the experimental point of view an entirely different set of difficulties

arises. First, in many laboratory studies, one is trying to simulate conditions
which exist elsewhere in some "full-seale" situation (e.g., the simulation of a

reentry environment). In this case the main interest is in obtaining more informa-

tion about the "full-scale" system from the laboratory measurements on the simu-

latod system. This means that for any useful information to be derived, the simula-

tion must at some stage allow a comparison of the laboratory "numbers" with the

full-scale system. In the simulation of supersonic plasma flow-fields this step is by
no means trivial.

First of all, any attempt at "simulation" tacitly assumes that a detailed know-

ledge of the full-scale system exists and, in general, this is not true (4). Secondly,

it is not difficult to show that because of the complexity of the full-scale system

(in the reentry case) it is impossible to simulate in the laboratory all of the full-

scale plasma parameters exactly in a single device or experiment (5, 6, 7).

Hence in a laboratory simulation, the experimentalist is forced to be satisfied

with something less than an exact "scaling" of the real system.

Once the laboratory system has been established to optimize the scaling re-

(luirements, the major experimental problem lies in making meaningful measure-

ments of the very complicated plasma flow-field structure. Although there is a

rather large body of experimental work on plasma diagnostics, the art of applying

these methods to obtain quantitative measurements in the various supersonic

plasma flow facilities of interest is still only at a very early stage of development.

Because of this inability to relate the "measurables" in an experiment to the

"plasma physics", the experimentalist is at present in the position of having to

design and calibrate each diagnostic tool for each specific measurement. Under these

conditions it is not surprising that discrepancies often arise between some of the
measurements.

In the remainder of this paper we shall discuss the microwave techniques for

plasma diagnostics within the general framework indicated in Figure 1.

THEORY OF ]_HCROWAVE INTERACTION WITH PLASMA

From the point of view of employing microwave techniques for plasma diag-

nostics, the ultimate aim of the "theoretical" analysis is to provide meaningful
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expressions for the various plasma parameters of interest (e.g., the electron density,
electron temperature, collision frequency, etc.) in terms of the microwave measur-
ables (e.g., amplitude, phase, frequency, polarization, etc.). To do this properly

requires a general discussion of the interactions of electromagnetic waves with
plasma. An analysis of this type can be achieved in a rigorous manner only through
a study of the statistical mechanics of irreversible processes in systems containing
mixtures of electrically charged and uncharged particles (8, 9). As yet this rigorous
approach is incapable of supplying quantitative predictions which can be readily
compared with experimental measurements.

In spite of this limitation, however, great progress has been made by employing
less accurate descriptions of the interaction. One of the most useful descriptions
of the plasma is given in terms of its effective dielectric coefficient (10). By con-
sidering the kinetics of the "particles" in the plasma under the influence of the
field of an electromagnetic wave, it is possible to obtain expressions for the effective
dielectric coefficient in terms of the plasma parameters. In general, the effec-

tive dielectric coefficient of a plasma is a complex quantity of the form (11)

K = K_--iK_ (1)

where K_ and K, are the real and imaginary parts of the complex dielectric
coefficient K.

Hence, using this approach, the problem of electromagnetic wave propagation
in a plasma reduces to one of wave propagation in a medium of complex dielectric
coefficient (12). For a plane wave with harmonic time variation (e*°'t) propagating
in the x-direction in such a medium, the electric field variation may be written as

E -- E0 e_t e-_ (2)

where y is the propagation constant given by

_, = ikK 112 (3)

and k= 2_r/2, 2 = free space wavelength.
In general, 7' may be written in the form

= _+i_ (4)
where

[IK2 _ K 2_112 K "11/2

with a and fi being termed the attenuation and phase constant, respectively.
The attenuation of the wave (in decibels) in traveling a distance d in the medium
is given by

E0 (7a)
A = 20 loglo

or

The phase shift (over a path length d) arising from the presence of the plasma is
given by

AO = led-rid (8a)

A@ = 27r d rl_fl] radians (8b)
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If the values of a and fl from equations (5) and (6) are inserted in equations (7)
and (8) the resulting expressions for the attenuation and phase shift are given by

A= 54 6(d)[(K_ + _)_'2-K'] _12• - - (9)

+K']'"} (10)
As they stand, these equations are purely a formal result of the solutions of

Maxwell's equations for a plane wave in a medium with a complex dielectric
coefficient, giving expressions for the measurable quantities A and A¢ in terms
of the dielectric coefficient. For plasma diagnostics by microwaves it is necessary
to have explicit expressions for KT and K t in terms of the plasma parameters and
in the derivation of these it is necessary to introduce a specific model of the plasma.

UNBOUNDED PLASMAS

One of the models widely used in diagnostic applications considers the motion
of an "average" electron in an unbounded homogeneous plasma• This results
in an effective dielectric coefficient of the plasma which is given by (10)

1
K = [1-(-_) l l + <v-_]-7 [(__)l 1 +(vi_)(,/_)211=KT-iKt (11)

where _=ne2/meo is the "plasma frequency", n=electron density, e=electron
charge, m = electron mass, and v = effective electron collision frequency.

By inserting the values of K_ and Ki from equation (11) into equations (9) and
(10), a direct relationship is obtained between the measurable quantities, A and

2_q), and the plasma parameters, n and v.
From the form of equation (11) it is evident that for v=O microwaves will only

propagate in the plasma for _ > wp. This so-called "cut-off" of propagation occurs
for K = 0 and this fact is often used to determine the electron density in the plasma

at "cut-off" from the relationship

= ¢% or f _ 9000%/n (12)

where f is in units of (sec)-1 and n is in units of electrons/cm 3. If the collision
frequency differs from zero, however, the concept of a "cut-off" is not really valid
since for any nonzero collision frequency propagation can occur even when w r > ¢o.

.Mso, for v _0 it is evident from equation (10) that

_21 l (13)

and this expression is often utilized in the study of plasmas by microwave inter-
ferometry techniques (13). For oJp<<w equation (13) reduces to

ne 2
A¢ = (14)

A meooJ 2

showing that in this approximation the phase shift caused by the plasma is
proportional to the electron density.

At present, the simple theory outlined above is often used for microwave
studies of plasma systems. To examine the complex plasmas in gas-dynamic
flow systems, however, this analysis is not sufficiently realistic for most cases of
practical interest.
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It is not possible in the space available to describe the limitations in detail but

it is hoped that a brief summary of them will serve to emphasize the fact that the

errors introduced by the application of an over-simplified theoretical model are

not negligible.

It should be mentioned, at first, that one of the basic parameters used in the

definition of the plasma, i.e., the effective collision frequency, v, is in fact, not a

simple entity, but a lumped parameter describing the interaction of the electrons

with each of the species (ions, electrons, neutrals) in the plasma. Since the definition

of this parameter can vary depending on the interactions which are included in

the theory, restrictions which are not readily apparent may be placed on the final

results. The definition of '% collision frequency" in complex systems requires care,

especially if the plasma is undergoing "chemicM-kinetic" reaction and if the

conditions are far removed from the idealized "equilibrium" situation.

In addition, the theory outlined above is based on the assumption of an un-

bounded, homogeneous plasma. In practice, any plasma used for laboratory

studies is neither unbounded nor homogeneous, so it is necessary to re-examine,

from the practical point of view, the various relations derived.

For an unbounded plasma the foregoing theory can be modified to incorporate

inhomogeneities by allowing the various plasma parameters to depend on the

spatial coordinates. Strictly speaking, in this situation, one should also consider

the effects of diffusion currents which necessarily exist in the plasma, but these

effects are usually small and are generally neglected in comparison with the electron
"conduction" current.

The basic wave equations for the non-homogeneous plasma are of the form

(10, 14)

V2E+k2KE = - V (E • Y-_-) (15a)

VK

V2I-I + k2KH = - T x (V × H) (15b)

where the plasma permeability is assumed equal to the free space permeability

#0 (which is, in most cases, a legitimate assumption). The behavior of an electro-

magnetic wave in a nonhomogeneous plasma is obtained from a solution of equations

(15a) and (15b). In order to proceed with such calculations it is necessary to assume

specific spatial variations of the plasma dielectric coefficient (15, 16, 17) and often

for practical problems this variation is not known or is too complicated to allow

anything but machine calculations of the problem.

In the presence of an external magnetic field a plasma becomes an anisotropic

medium and as a result, the effective dielectric coefficient is no longer a scalar

quantity but must be expressed as a tensor. In this case the formal mathematical

analysis involves the propagation of electromagnetic waves in a medium possessing

a tensor dielectric coefficient (18, 19). The specific form of the dielectric coefficient

tensor depends on the plasma variables (particle densities and collision frequencies,

etc.) as well as the magnetic field strength and orientation with respect to the

electromagnetic wave field. If the plasma is nonhomogcneous as well as aniso-

tropic, the elements of the tensor are functions of position and again any detailed

analysis involves specific spatial variations of these quantities. In general, the

wave equations are very difficult to solve, with solutions being available only

for specific cases, and no further discussion will be given here (ll_ 19_ 20).
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FINITE PLASMAS

The discussion thus far has been concerned only with the propagation of electro-

magnetic waves inside a plasma. Any effects of boundaries on the problem have

been ignored so all of the preceding treatment is only applicable to unbounded

plasmas. In order to make any meaningful comparison with experiment it is

necessary to take into account the effects of boundaries on the wave propagation.

Using again the "dielectric" concept of the plasma, this is usually achieved by

matching the fields on both sides of a boundary in the conventional manner of

electromagnetic theory (21). This approach involves the inclusion of a reflected

wave at any interface, and for multiple boundaries the reflections become

increasingly important.

In a recent report (25) Bachynski et al. have considered in detail some of the

problems encountered when making microwave diagnostics of finite plasmas. It is

shown that the presence of boundaries can cause very significant changes in the

attenuation and phase measurements on a plasma and can lead to errors ranging

up to factors of ten or larger in the plasma parameters deduced on the basis of the

"unbounded" theory.

For example, it is shown that for a uniform plasma slab bounded by dielectric

plates (a configuration closely approximating many experimental arrangements)

the signal transmitted through the system can be greater with the plasma than

that with no plasma in the container. This apparent negative attenuation simply

shows that the container (the parallel dielectric plates) reflects more signal when

the electron density is zero than in the presence of the plasma. The reason for this

is that the varying refractive index of the plasma can "match" the two dielectric

plates causing less reflected signal. It is interesting to note that recent measure-

ments in a plasma flow facility have produced this same effect (23).

A second important effect encountered when dealing with finite plasmas is that

of refraction. Since the refractive index of the plasma (#=K 1/2) is in general dif-

ferent from its bounding medium (e.g., free space, or a dielectric container), refraction

will occur at each interface, if the angle of incidence differs from zero. The net

result of the refraction is that the nature of the incident beam of energy is altered.

The plasma can be considered to act as a lens of refractive index less than unity.

Hence in any measurement of microwaves transmitted through a plasma the

energy density in the transmitted beam is changed not only by the amount of

energy absorbed in the plasma but also by the amount of focusing or defocusing

which has taken place.

Using the concepts of geometrical optics (i.e., plasma dimensions large compared

to wavelength, losses in the plasma small, etc.) it is possible to make estimates of

the refractive effects for plasmas of simple geometric shape. These calculations

require specific assumptions concerning the plasma geometry, the spatial variation

of the electron density, and the nature of the incident microwave beam (i.e.,

whether it is parallel, convergent, or divergent) and for details the reader is

referred to the literature on this subject (22, 24). As would be expected, the calcu-

lations show that under certain conditions the refractive effects can be very large

and in general it is preferable in most experimental arrangements to try to remove

the effect of refraction by maintaining the microwave beam normal to the inter-

faces of interest.

For plasmas which are only of the order of a few wavelengths in size (as is usually

the situation in the laboratory) it is also necessary to consider diffraction effects.

Again, the geometry of the plasma and the nature of the incident wavefront

must be specified to allow solution of these problems. In some cases it is possible
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to employ the Kirchhoff scalar diffraction theory (25) to provide useful results (26).

For simple geometric shapes (e.g. cylinders and spheres) the problem can be
treated as a scattering problem (27, 28) wherein the electromagnetic field is consid-
ered to be composed of an incident (plane) wave and an outgoing scattered

wave possessing either cylindrical or spherical symmetry. By knowing the spatial
dependence of the dielectric coefficient of the plasma scatterer, it is then possible

to apply the usual boundary conditions and obtain a solution (16). Again, all but
the simplest problems require computer analysis to obtain numerical results (29).

"FLOWING" PLASMAS

In the foregoing analysis of the interaction of microwaves with plasma, there has
been no specific consideration of systems possessing a "bulk" flow velocity. The
only motions accounted for have been the thermal motions of the particles and the
motions induced by the applied electromagnetic fields. That this analysis is valid
even for the hypersonic velocities generated in modern gas-dynamic test facilities
can be seen by examining the magnitudes of the various parameters involved.

First of all, if we consider the U × B force arising from the interactions of the
electrons (possessing the mean flow velocity U) with the magnetic component
of the microwave field it is seen that this force is of the order of U/c smaller than
the microwave electric field force acting on the electrons (12) (where c is the velo-
city of light). Hence for the nonrelativistic fluid velocities of interest, this magnetic
interaction is negligible.

Secondly, if U<<c the electromagnetic wave sees an essentially stationary gas.
The correction for the relative motion of the fluid and the microwave field is again
of significance only for relativistic fluid velocities, and can be neglected for the
systems of gas-dynamic interest.

In addition, it is apparent that since the microwaves are predominantly affected
by the electron component of the plasma, any direct effects of fluid flow would

not be expected to appear when U < V, the average thermal velocity of the elec-
trons in the plasma. Since the electron thermal velocity is of the order of 107

cm/sec, most of the velocities of current experimental interest are not sufficiently
large to impose any significant velocity contribution to the existing motions of the
electrons in the plasma.

Hence, insofar as the electromagnetic theory of microwave propagation in
plasmas is concerned, the presence of nonrelativistic flow velocities in the system
introduces basically no new concepts. There are, however, serious "secondary"
complications introduced by the fluid flow. These arise from the presence in a

supersonic flow-field of the space- and time-dependent nonhomogeneities in the
plasma properties. The existence of shock fronts, boundary layers, turbulence,

and chemical-kinetic reactions in the flow-field make any realistic computation
of the effective dielectric coefficient of the plasma virtually impossible, and hence
it is very difficult to provide realistic expressions for the measurable quantities.
It is for this reason that the flow effects do introduce significant complications
in the application of microwave diagnostic techniques to supersonic flow facilities.

MICROWAVE TECHNIQUES FOR PLASMA DIAGNOSTICS

Experimentally, the application of microwave techniques for plasma diagnostics
involves essentially a measurement of the effective dielectric properties of the plasma
by microwave methods. Hence, in principle, one could employ any of the conven-
tional microwave methods described in the literature (e.g. [30]) for measuring
such properties.
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For plasmas, however, certain limitations arise which often greatly reduce the

number of techniques which can be applied. As already indicated, any microwave

probing of plasmas must employ a frequency of the order of the electron plasma

frequency of the system of interest. This consideration thus establishes the range

of wavelengths which can be usefully employed in any experiment and usually

places a strong limitation on the spatial resolution of the measurement. In addition,

if the diagnostic technique is to be of general value it should be capable of exam-

ining plasmas of rather arbitrary geometry and composition over a wide range of
experimental conditions.

Broadly speaking, the possible microwave diagnostic methods for plasmas may

be divided into three separate classifications. The first involves the propagation

of microwaves in bounded structures, such as resonant cavities or waveguides,

which contain plasmas. The second is usually termed the free-space propagation

method in which a microwave "beam" is directed through the plasma of interest.

Finally, there are the techniques involving the insertion of microwave probes or

antennas into a plasma to measure the effects of the plasma environment on the

"impedance" 6f the antenna. The classification into these three types of measure-

ment is, of course, somewhat arbitrary since the distinction between them is not

rigorously defined and is dependent in many cases on the size and geometry of the

system and on the approach of the investigator.

When these methods are considered for diagnostics of the aerodynamic systems

of current interest, it is apparent that the free-space propagation method shows

the greatest possibilities. Although the cavity and waveguide techniques have been

widely used in laboratory studies of plasmas and have been developed to a high

degree of refinement and reliability (31-_), they are of bruited usefulness in flow

systems where the plasma geometry can generally not be tailored to fit inside the
microwave enclosure. The method has been used with some success in both shock

tube and ballistic studies of plasma flow-fields (35). In shock tube studies it is

possible to use the shock tube itseff as a portion of the waveguide and in this way

propagate signals through the shock front. In this application, however, the

usable microwave frequency range is limited by the dimensions of the shock tube.

Measurements in ballistic ranges have been reported (35) in which the projectiles

have been fired through cavities and waveguides but in view of the experimental

and analytical difficulties, this approach appears to be of limited usefulness.

However, a recent application of "resonant structure" techniques involving

Fabry-Perot-type interferometrv in a ballistic range (36) may have promise for
future studies.

An example of the results which can be obtained using waveguide techniques

for studies of continuous supersonic plasma flow streams is shou_ in Figure 2

($7). These results were obtained by passing a small plasma jet (enclosed in a glass

tube) through a hole in a section of X-band waveguide as shown and measuring

the attenuation and phase shift of the transmitted signal. As the sample results

show, quite consistent and reproducible results can be obtained, but to derive

the plasma parameters from these requires some rather "over-simplifying" assump-

tions about the plasma properties.

The microwave or radio frequency probing techniques using antennas immersed

directly in plasma systems have been studied by several workers recently (38-41).

Since very small radiating surfaces can be used, the method offers the possibility

of improving the spatial resolution of the microwave measurements. In general,

however, the measurements of the plasma properties by this method are only

semi-quantitative, and much more work is required before this method can be

fully utilized. For applications to the study of flowing plasmas, this method
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FIGURE 2. Sample results showing the phase shift and attenuation of a 9.2 Gc signal
passing through a supersonic argon plasma jet as shown in the inset. The results for two
separate measurements show the reproducibility obtained.

suffers from the usual disadvantage associated with the probing of supersonic
flow streams. The disturbances introduced into the flow are difficult to assess and

the interpretation of the measurements is thus complicated.
The free-space propagation method is particularly attractive for plasma diag-

nostics in conventional flow facilities. It can be readily adapted to suit existing

plasma geometries and the plasma stream can be observed with no perturbations
other than those caused by the microwave signal itself which are negligible for the
low microwave power levels used. In the remainder of this palter the free-space

propagation techniques will be discussed in more detail.

FREE-SPACE PROPAGATION MEASUREMENTS OF PLASMA
FLOW-FIELD PROPERTIES

Because of its greater versatility of application, the free-space propagation
method has been used in conjunction with a wid_ ran_ uf gas-dynamic facilities
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(35, 37, 42-54). Although a variety of experimental arrangements is possible,

they may all be summarized under the four basic arrangements shown in Figure

3, i.e., the measurements involve a study of: (a) transmission, (b) reflection, (e)

scattering, or (d) radiation by the plasma flow-field. By using the appropriate

theoretical model and experimental system, each of these microwave methods

can be used to deduce information about, the plasma. The direction of microwave

(a) TRANSMISSION (b) REFLECTION

(c) SCATTERING / "_"\

___..__ RECEIVER

TRANSMITTER

(d) RADIMION

\

RECEIVER

/

/

t-
\

FIGURE 3. Schematic diagram showing the four basic experimental arrangements for
microwave diagnostics of plasma by the free-space propagation method.

propagation can be at any angle to the direction of plasma flow, but in most cases

only the parallel and transverse orientations are employed since for these arrange-

ments the interpretation of the results is generally somewhat simpler. In all cases

the measured parameters are the amplitude and phase (with respect to an arbitrary

reference point) of the microwave signal. In some instances, particularly when

external magnetic fields are involved, the polarization of the microwave field can

also be used to study certain properties of the plasma (55), but these cases will not
be discussed here.

In any of the experimental arrangements of Figure 3 it is desirable to be able to

probe the plasma with good spatial and temporal resolution. Unfortunately, the

spatial resolution of the microwave method is rather poor in comparison with

other methods (e.g., optical or probe studies) since even with focusing techniques,

the resolution is limited to distances of the order of the wavelength employed

(56, 57), which generally varies from a few millimeters to a few centimeters. Since

the usable wavelength is dictated by the electron density in the plasma, as men-

tioned previously, it is not, in general, possible to improve the spatial resolution

by arbitrarily reducing the wavelength. In addition, the propagation method

always involves a "line of sight" integration of the plasma properties, and the

parameters deduced from the microwave measurements represent only an average

over the plasma volume within the microwave beam. For flow systems in which
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large spatial variations exist this is a great disadvantage and for these systems

it is essential that supplementary measuring techniques with better spatial

resolution be employed (53, 58).

Until recently the time resolution of microwave plasma measurements was

rather poor. This was caused by the fact that although microwave signal ampli-

tudes could be measured very rapidly, the measurements of the phase were

rather slow. The phase measurement involves a comparison of the unknown wave

with some fixed phase reference, and the usual microwave bridge techniques (30)

involve slow "balancing" operations. However, several new systems (59, 60, 61)

have been developed specifically for plasma studies so that now the phase measure-

ments can be made in times of the order of 10-7 sec which is sufficiently rapid for

most requirements.

A system of particular usefulness is the "multiple-probe" device recently

described by Osborne (60). In this system the "unknown" microwave signal is

combined with a reference signal to produce a standing wave in a waveguide section.

This standing wave is then sampled by four detectors (probes) at one-eighth guide

wavelength intervals and the instantaneous phase and amplitude of the unknown

wave are displayed on an oscilloscope simultaneously as the orientation and length,

respectively, of a vector in a polar plot. One of the arrangements for utilizing this

device is shown in Figure 4. Using trace brightening, only the tip of the vector can

be made visible and hence the value of the amplitude and phase of the "unknown"

microwave signal can be displayed as a single point on the oscilloscope screen.

TRACE

BRIGHTENING GEN. I

1
MODULATION

GENERATOR

l
KLYSTRON

POWER

1
J KLYSTRON t

r ..........
X-Y OSCILLOSCOPE i ANCILLARY

-GRID-- _I
CATHODE_ _ t GATING

I,.P ,.-.....

_" t TTENUATOR H PROBE SECTION J_ :-. _.,-:,

II ' : !?_;-2;._
Ip[.ASMA"

FREQ. METER_ PHASE SHIFTERL_:_ATTENUATOR I

FIGURE 4. Block diagram of the multiple-probe system used for transmission measure-
ments.

Apart from the obvious advantage of providing both phase and amplitude

information, this device provides phase measurements accurate to within a few

degrees and unambiguous even for phase variations greater than 360 ° . It has also

been operated with sampling times of the order of 10-7 sec.

TRANSMISSION MEASUREMENTS

The transmission technique is probably the most widely used at present for

plasma flow diagnostics. Experimentally the method is attractive because the

necessary microwave apparatus can be kept quite simple, and it can be readily

appended to existing flow systems. By transmitting the microwave beam across
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the test section of a "plasma tunnel'' or a shock tube. or through the plasma 
generated b -  a hypersonic projectile in a ballistic range. i t  is rery simple to measure 
the phase and amplitude of the transmitted signal. Basically, this method can be 
applied nhenerer the condition W ~ W ,  is wtisfied in the portion of the plasma 
examined. although detailed calculations are required to  accuratel5- define the 
useful range (42). In  general. the theory for unbounded, homogeneous plasma 
outlined in an earlier section is utilized to obtain ralues for the electron density 
and the collision frequency employing formulas such as  those given by equations 
(7)  through (14). Some of the theoretical difficulties encountered in applying such 
equations to real systems hare already been outlined and the required corrections 
indicated. Experimentally. additional problems are encountered in trying to satisfy 
the necessary criteria in the apparatus. One of the most important of these is the 
nature of the incident \Tare front. Ideally this should be plane. but in fact. unless 
considerable care is eserciscd. this condition is rerF poorly satisfied and large 
errors can result (22, 26, 53). B -  using lenses, far-field radiation from a simple 
horn antenna. or other techniques. it is generally possible to minimize this error 
(22). Very often. 1ioneTer. there is a great temptation to ignore this effect and 
simply place a pair of microwave horns on opposite sides of the apparatus when the 
separation is often only of the order of a few wavelengths. It is not surprising that 
in such cases inconsistent measurements are often found. 

The problems of refraction and diffraction hare already been mentioned and 
in any transmission measurements the error introduced by these effects must 
be taken into account. This often inrolreq the "calibration" of the apparatus by 

FIGURE 5. Sample results showing the difference in a multiple-probe display between 
a stationary plasma and a turbulent flowing plasma: (a) a stationary argon plasma 
excited at 60 c sec with a sampling rate of 104isec for a period of approximately 3 msec; 
(b) a turbulent (Mach 2)  argon plasma with a sampling rate of 5 x 1Wisec for a period of 
-0.5 sec. 
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using samples of known geometry and dielectric properties in place of the plasma
(23, 51, 53).

In transmission measurements it is also necessary to consider the effects of
multiple reflections in the apparatus since these can introduce spurious signals
at the receiving antenna. Apart from the obvious reflections from the walls of the
vacuum system, it has been found that in some cases reflections arising from the
receiving antenna itself can cause significant alterations in the measurements (22).

Apart from these considerations which mainly concern the apparatus limitations,
one is confronted with the inherent complexities of the plasmas which are generated
in the flow systems. In addition to the presence of spatial irregularities, the plasma
often displays the randomly fluctuating properties characteristic of turbulent flow.

In Figure 5 an illustration is given of the complications introduced into microwave
measurements by such plasma turbulence (37).

The two photographs show the multiple probe display (see Figure 4) of a 9.2 Gc
microwave signal transmitted through time-varying plasmas. In Figure 5a the
signal is transmitted through a non-flowing argon plasma excited by a 60 c/sec
source and in Figure 5b the signal is transmitted through a supersonic argon
plasma stream. In both cases a time exposure was used so that the time develop-
ment of the plasma could be photographed. In the first case only the variation
during a quarter cycle of the excitation voltage is shown for a 104/see sampling
rate and in the second, a time exposure of about one-half second is used with a
sampling rate of 5 × 106/sec. Since each spot on the screen gives the amplitude and
phase of the transmitted microwave signal at a particular instant of time, such a
time-integrated display shows the degree of variation (fluctuation) and the frequency
of occurrence of the plasma parameters. This is shown by the spread and number
density of the spots respectively in any region of the display. This comparison of
Figures 5a and 5b shows clearly the problems involved in making meaningful
measurements of complex plasma flow systems.

REFLECTION MEASUREMENTS

Many of the comments made concerning the instrumentation for transmission

measurements apply equally well in the case of reflection studies. One major differ-
ence, of course, exists in the fact that reflection measurements are, in general,

limited by the condition that oJ < oJp must be satisfied to provide reflected signals
of reasonable magnitude. Thus for a given plasma one is again limited in the
range of wavelengths which can be utilized.

Whereas transmission measurements can be used to measure the properties

of a plasma in a given volume, reflection measurements tend to examine "surface"
effects since they are only able to penetrate the plasma until the electron density
is such that oJp= oJ (again assuming v<<_o). Any changes in electron density within
the plasma beyond this region are not detectable in the reflected microwave
signal. This difficulty can, in principle, be alleviated to some extent by using several
frequencies (13) so that the "reflection" can be made to occur at different regions
in the plasma, but this procedure is usually limited by the cost and bulk of the

apparatus required.
Stray reflections from the apparatus are a serious problem in reflection measure-

ments since they can often be of greater magnitude than the useful signal and it is
difficult to separate the "useful" from the "stray". Matching techniques which
involve the introduction of additional reflections to "tune out" the unwanted

stray signals must be employed with considerable caution. Often the stray signal
reaching the detector when there is plasma in the apparatus is quite different
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FIGZ‘RE 6. Schematic diagram to illustrate the change in “matching” conditions in a 
microwave reflection system as the plasma density changes. T represents transmitted 
signals. Ii‘ reflected signals. 

TIME - 
FIGURE 7. Comparison between the signal amplitudes of microwaves reflected from a 
laminar and a turbulent plasma flow-field. Time scale: 1 msee ‘div. 
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FIGURE 8. Frequency content of the fluctuating microwave signal (X and K band)
reflected from a turbulent plasma stream. The results have been normalized to unity at
25 c/see.

from that obtained with no plasma in the apparatus. Hence the matching of
the system in the absence of a plasma (as is usually done experimentally) does
not assure a matching when the plasma is present.

This fact can be readily illustrated by the simple example shown in Figure 6
in which a plasma is shown to be enclosed between two (dielectric) bounding walls.
In the absence of plasma in the apparatus the stray signal reaching the receiver
has contributions arising from both walls of the plasma container. If a plasma is

introduced, however, the stray signal from the back wall is reduced to zero as mp
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increases above W .  In  this case tlie stray signal from the container now comes only 
from the first dielectric wall and the necessary matching condition is quite different. 
This case is ve r -  often encountered in many simple reflection measurements. 

As with transmission measurements. time-dependent variations of the plasma 
properties can cause difficulties in  the interpretation of tlie measurements. Figure 
7 sho\is a sample photograph of the amplitude of a 9.4 Gc signal reflected from a 
supersonic plasma floxv-field for both laminar and turbulent flow conditions as a 
function of time (53). In tlie laminar case the return is quite stead-. whereas in tlie 
turbulent case the signal exhibits random fluctuations in amplitude. An analysis 
of the frequency content of this signal can be made with the aid of a n-are analyzer 
and the results for t vo  microware frequencies (9.4 Gc and 24 Gc) reflected from 
the same plasma jet are shon-xi i n  Figure 8 (53). It is seen that tlie spectrum has 
a frequency content similar to that measured for velocity fluduations in turbulent 
flons (62). The full significance of these ineasureinents is not as yet clear but the 
resiilt.: serve to indicate home of the problems encountered in flowing plasmas as 
15 ell as tlie applications of micron ave techniques to the study of turbulence in 
plawia flov systems. 

BACKSCATTER SIGNAL 

-0 
I- 

5 > 
c 
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A 
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n 

FIGURE 9. Sample resonance patterns for 9.4 Gc microwave scattered from a 5 mm 
diameter plasma column (mercury discharge tube). 

Another quite different microwave reflection method inrolres tlie use of Doppler 
techniques to  measure the velocities of moving plasma snrfaces (57, 63). Vsing 
these techniqiies accurate measurements can be made of t h e  motion of the effectirc 
"reflecting surface" in  the plasma and this method has been used by various 11 orkers 
in both shock tube and ballistic range studies. It is also po4ble to employ pulsed 
"radar" techniques to define the plasma geometry to  home extent by the time delay 
and shape of pulses reflected from plasma systems. Some laboratory measurements 
of this type have been reported (47, 48). but becaiise of the small distances 
encountered in laborator?- studies. these mea~iirements require rather specialized 
equipment inrolring nanos~cond ~ ~ i l s e  gear. 
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SCATTERING MEASUREMENTS

As already mentioned, the concepts of "transmission" and "reflection" of
• microwaves by plasma become less clear if the plasma geometry differs appreciably

from the simple quasi-slab approximations indicated in Figures 3a and 3b. In
such cases it is often simpler to apply the analysis of conventional scattering

theory (16), and the transmitted and reflected components of the wave field are
then merely the "forward" and "backward" components in the scattered field.
Because of the theoretical and experimental problems involved in measurements
of such plasmas by microwaves, only a limited amount of laboratory investigation
has been attempted--even for the simpler case of stationary plasmas in gas dis-
charge tubes. Much of this work in recent years has been concerned with the scatter-

ing of microwaves by cylindrical plasma geometries with the emphasis being placed
on the examination of the still unexplained resonanee phenomena which occur for
certain conditions of the incident wave fields and plasma properties (64-68).
Figure 9 is a sample photograph (53) of the "resonances" obtained in the micro-
wave signal backscattered from a cylindrical plasma as the discharge current
(electron density) varies.

Scattering techniques can be extended to allow examination of the properties
of flowing plasmas although they are somewhat limited in scope. In a recent
investigation our laboratory has undertaken to examine some of the character-
istics of microwave scattering from supemonic plasma jets (_).
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FIGURE. lla. Theoretical aspect-angle dependence of the microwave signal back-

scattered from a metal cylinder of length L.
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FIGURE l lb .  Measured aspect-angle dependence of the microwave signal (9.4 Gc) 
back-scattered from an 0.5-inch diameter metal rod mounted in the tunnel (Figure 10) 
in place of the plasma. 
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FIGURE l l c .  Measured aspect-angle dependence of the microwave signal (9.4 Gc) back- 
scattered from a Mach 2 plasma jet in the tunnel. 
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FIGIJRE 12a. Sample probe sweeps in the plasma jet showing the variation of the 
electron density in the flow-field at various distances from the nozzle. 
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FIGURE 12b. A contour-type display of the electron density in the flow-field showing

the effective reflecting surfaces (K = 0 surfaces) of the plasma for both X and K band

microwaves (i.e., 9.4 and 24 Gc). The nozzle exit diameter, 2r 0 is also indicated.

The apparatus (69) shown in Figure l0 was specifically constructed for this work
and hence the techniques are not generally applicable to conventional flow facili-
ties. Using the rotatable nozzle in this continuous flow device it is possible to
examine the scattering of microwaves from the (cylindrical) plasma stream at
various angles of incidence.

In Figure l l results are shown for back-scattering (reflection) measurements
using this system. In Figure lla the theoretical results (28) of the variation of the
amplitude of the back-scattered signal from a metal rod as a function of aspect
angle are shown, and in Figure llb and Figure llc sample scattering results are
shown for both a metal rod and a plasma jet. The electron density in the jet as
derived from probe measurements is shown in Figure 12a. From such measurements
considerable information concerning the plasma may be obtained. The plasma
used in obtaining Figure ll had very little axial variation of the electron density
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in the portion of the jet probed by the signal (X-band curve in Figure l l b )  hence 
the shape of the amplitiide-\-erfiiIs-angle plot is w r y  hiniilar to that of tlie iiniforni 
metal cylinder. 

The effects of asial gradients in the electron density can be seen in Figure 13 
in which the am~)litude-rerws-anple plot is no longer hynimetric about the 
"broadside" position. Measurements show that this curre is hiniilar in form to that 
obtained by scattering froin a tapered metal cylinder. Using this method it is thus 
possible to  obtain some information as to the spatial variations of the plasma within 

. I 

-so O0 +so 
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FIGURE 13. Aspect-angle dependence of the back-scattering from a turbulent plasma 
jet. The asymlrreir) of the eur:'~ is diw to the large axial gradient of electron density 
in the stream and the "nois?-" fluctuations of the signal are due to stream turbuience. 

the niicrouare beam. hut in all of this uork it has been found esqential to wpple- 
meiit the niicroirare nieasiirenients \I ith probe diagnostic. of the plaqma (53, 58) 

In addition. 13)- using incident microware signals polarizecl in a direction per- 
pendicular to  the axis of the plamia jet it Iias been po4ble to obserre (53) in 
the streams the resonance effect mentioned abore. Since these resonances are 
intimately related to the ratio of w , ' w ~  it is possible that future findinp may permit 
their use as a diagnostic technique ( i o ) .  

RADIATIOS J1EASI;REJIESTS 
ln principle, micron ave radiation measnrementi are ideal for plamia stndies 

since they introduce no perturbation of tlie plasma. The radiation. b -  tlie electrons 
in a plasma. of electromagnetic energy over a nide frequency range is a nell- 
known fact and Iias Ied to the application of microwave radiometry for the nieaqure- 
nient of electron temperature in plasmas (1, 2). 
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If the radiation received from the plasma is in a frequency range which is higher

than the plasma frequency, the plasma is then essentially transparent to the

radiation. Under these conditions the intensity of the radiation emitted can be

expressed in terms of the emissivity of the plasma as computed from the basic

radiation processes such as bremsstrahlung, recombination, and Cherenkov radia-

tion. When the observed radiation is in the range of frequencies which corresponds

to the plasma frequency, the absorptivity of the plasma to the microwaves is

appreciable and one can use (assuming thermodynamic equilibrium) the generalized

form of Kirchhoff's law (71) of thermal radiation for relating the intensity of emitted

radiation to the electron temperatures. If the emitted radiation is at a frequency

lower than the plasma frequency, then the reflectivity of the plasma to the electro-

magnetic radiation must be taken into account. In this case, the absorptivity of

the plasma as appearing in Kirchhoff's law is reduced by the reflectivity of the

plasma at that frequency.

When measuring radiation from plasmas which arc not confined in a waveguidc,

particular care must be given to account for the directivity of the receiving

antenna and the solid angle subtended by the plasma. This problem has been

considered by Bachynski et al. (72). In all cases it is found that the power level of

the microwave radiation emitted by plasmas is very low and consequently micro-

wave receivers of very low noise level must be used. Microwave radiometers with

the required sensitivity can be easily designed (73) for examining stationary plas-

mas (74, 75) but difficulties arise when one desires to observe rapidly time-varying

and nonrepetitive plasmas (46, 76). In order to meet this requirement one needs

to use a wide-band, low-noise receiver and at microwave frequencies this requires

rather elaborate and expensive systems. As yet a very limited number of measure-

ments have been reported on flowing plasmas and the results are rather unsatis-

factory. There is no doubt that the measurement of the microwave radiation emitted

by a plasma can be of great value in determining the temperature of the electrons

in the plasma. It is felt that a concentrated effort should be made (74) to develop

a reliable technique for measuring microwave radiation from nonrepetitive,

time-varying plasmas and to correlate such measurements with the transmission,

reflection, and scattering measurements.

CONCLUSION

Microwave techniques have proven to be of considerable value in the study of

"simple" plasma systems. A high degree of accuracy is possible in the determina-

tion of the microwave parameters (phase, amplitude, frequency, etc.) with time

resolutions of up to 10-7 sec and space resolution of the order of a radio frequency

wavelength.

A major difficulty exists, however, in relating the measurable microwave

parameters to the detailed properties of the plasma. This is particularly true in

gas-dynamic flow studies since such plasma systems arc inherently quite complex.

The studies undertaken to date do not permit one to deduce the plasma para-

meters from microwave measurements with a precision approaching that of the
microwave data.

A greater emphasis should, therefore, be placed on theoretical analyses which

will take into account the significant influence of the practical experimental micro-

wave techniques and upon the design of experiments which can approach more

closely the requirements of the idealized theory. It is in this way that meaningful
advances will bc made.
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19. Allen E. Fuhs: Flight

Instrumentation for Reentry
Plasma Sheath

[__ A number of instruments for probing the plasma sheath during

reentry are described. The instruments respond to the induced mng-

netic field formed by the interaction of the ionized gas flowing through

an applied moflnetic field. Flight models to measure the product of

electrical conductivity and velocity, au, and the au profile are discussed.

In addition, analysis and description of laboratory transducers for

determining velocity, au fluctuations, a_wl avernge electro_t collision

frequency are presented.

INTRODUCTION

Surrounding vehicles traveling at high speeds within tile earth's atmosphere is a

plasma sheath arising from the heating of air in the shock-wave, in the boundary

layer, or in separated shear layers. The plasma sheath, which completely encases

the vehicle and feeds the wake that extends downstream a distance of many body

diameters, interferes with radio communication to and from the vehicle. These

facts have been well knouaa to the professional missileman and space scientist

for many ),ears; since the Mercury flights, the facts are equally familiar to the

layman.

In addition to communication blackout, the plasma sheath causes other prob-

lems. Less dense plasmas, while not causing blackout, have adverse effects on

electromagnetic wave propagation, including refraction of the waves, introduction

of noise, distortion of antenna patterns, and mismatch of antennas. The radar

cross section of a reentry vehicle may be enhanced by one, two, or three orders of

magnitude depending on the radar frequency and the reentry vehicle. Refraction

of the electromagnetic waves may make angular information from on-board radar

of questionable value.

However, the plasma sheath is not entirely detrimental. Magnetoaerodynamic

attitude control attempts to exploit this flow of conducting gases by developing

forces on the vehicle. The advent of practical superconducting coils has caused

renewed interest in this aspect of attitude control. The plasma sheath also makes

possible magnetohydrodynamic (MHD) power generation. If one considers the

enormous amount of kinetic and potential energy dissipated during reentry, it is

apparent that only a small fraction of this energy need be extracted to have

megawatts of power.

ED. _oa_: Dr. Fuhs is with the Plasma Research Laboratory, Aerospace Corporation,

El Segundo, California. This work was sponsored under Air Force Contract

No. AF 04(695)-169.
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This paper reports on flight instrumentation being developed to gain information

about the reentry plasma sheath. Discussion of the plasma sheath is continued in

the next section. Topics to be discussed are the plasma sheath, flight instrumentation

and laboratory meters developed to obtain information about the ionized air.

THE PLASMA SHEATH (1-7)

In order to circumvent or to find solutions for the problems (e.g., telemetry

blackout and enhanced radar cross section) and exploit the opportunities (e.g.,

magnetoaerodynamic attitude control or MHD power generation during reentry),

detailed knowledge of the ionized air forming the plasma sheath is essential.

Information can be obtained from calculations, but in order to proceed with the

calculations, idealizations and simplifications are often necessary. Experiments in

hypersonic facilities yield useful information; however, it is difficult to duplicate

all the similarity parameters. In-flight measurements can be used to provide

valuable guides for additional theoretical and experimental work and as criteria

to indicate where the calculations are sound and where important physical pheno-

mena have been omitted.

In order to design instruments to measure a certain property of the plasma

sheath it is necessary to know approximately the range of values that will be

encountered during reentry. It is necessary to know the correct gain for the

amplifiers. Although the information presented in this section was initially

obtained to answer the obvious questions of amplifier gain and instrument design,

it is of sufficient general interest to warrant inclusion here.

PARAMETERS INFLUENCING THE PLASMA SHEATH

The trajectory, or more specifically the altitude and Mach number of the vehicle

has a pronounced influence on the plasma sheath. Table I, which is intended to

demonstrate that increased velocity compounds the difficulties with electro-

magnetic wave propagation, lists typical values of the electron density, Ne, for

equilibrium air behind a normal shock.

TABLE I. ELECTRON DENSITIES FOR DIFFERENT TRAJECTORIES

Trajectory

Suborbital IRBM
Suborbital ICBM
Orbital

Superorbital (parabolic)

Typical velocity
(ft/sec)

15,100
23,200
25,600
36,700

Electron density, cm -3

200,000 ft alt

7 x 1012
8 × 1013
2 x 1014
3 x 1016

300,000 ft alt

6 × 101°
8 x 1011
3 × 1012
5 x 1014

Body shape also influences the plasma sheath. Simple axisymmetric bodies

are usually categorized as blunt- or sharp-nosed, depending on whether or not the

bow shock wave is attached; however, for the purposes of plasma sheath analysis,

these bodies are differentiated by the manner in which their sheath properties are

determined. Thus, a blunt-nosed body is one whose sheath properties are determined

by air that has passed through a normal or nearly normal shock wave. A sharp-

nosed body is one whose sheath properties are determined by the viscous dis-

sipation in the boundary layer, which on a sharp-nosed vehicle is supplied with

air that has passed through a weak oblique shock.
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There is also an intermediate category of vehicle that may be described as

slightly blunted. The boundary layer on the forward part of a slightly-blunted

vehicle is fed by high-entropy gases from the nose. At some point along the vehicle,

the high-entropy flow is absorbed by the boundary layer; downstream from that

point the boundary layer feeds on air that has been processed by an oblique

shock.

The spatial distribution of temperature and electron density normal to the sur-

face obviously depends on body bluntness. There are, of course, more complex

body shapes, especially for manned reentry vehicles, aerospace planes, and other

lifting bodies.

Another factor determining the properties of the plasma sheath is the ablation

material. Vaporization and injection of the ablation material has a fluid mechanical

effect on the boundary layer. Impurities in the ablator may seed the boundary

layer and increase _e- Ablation products influence the chemistry of the high-

temperature air by altering compositions and electron densities. An additional

degree of complexity is thus added to the plasma sheath.

PARAMETERS CHARACTERIZING THE PLASMA SHEATH

When a macroscopic approach is used to analyze wave propagation, (8) the

plasma is characterized by its electrical permittivity, e, and an electrical conduc-

tivity, o. Attenuation and phase shift can be calculated ff these are known.

In terms of microscopic plasma variables, e and o are functions of the plasma

frequency, 0% (or Ne), and the electron collision frequency, u. In the presence of

magnetic fields the ratio of electron-cyclotron frequency to collision frequency

may be of importance.

Spatial distribution of e and o, which is defined both as the profiles normal and

tangential to the vehicle surface, is required information for the analysis of wave

propagation (9, 10). The model of a plasma filling a semi-infinite haft space is

inadequate for obtaining realistic predictions about the plasma sheath.

Table II contains information concerning the plasma sheath surrounding a

sharp cone. The quantity tUc/vB determines the strength of magnetic field required

to make _oc/v equal to unit)'. This is the strength of the magnetic field required

to make the plasma behave as an anisotropic medium. :For example, in the flank

TABLE II. DATA FOR PLASMA SHEATH ON SHARP CONE

I
Altitude (%/vB ] O)p V (y _t_ O'U _ N e

(ft) (per gauss) (rad/sec) (collision/see] (mho/m) (m/see) (mho/sec)] (era) t (cm-a)
I tt

Stagnation Region

200 1.25×10 -3 5.22x10111 1.41×10 l° 170 8><-- 9×101a

150 12.3×10-4 [1.51×1012 I 7.6×101° 270 -- 7×1014
100 ]3.2×10 -s ]4.97x1012 5.6×1011 390 -- 8x1015

50 I5.5x10-6 14.46×1012 3.2x1012 55 -- 1015/

Flank Region

250 ]0.28 3 × 109 6.3 × 107 _ 3500 4900 109
200 0.0354 101° 5 × 10 s 1.8 3600 6500 101°
150 6.4x 1O-a 3× 1010 2.75× 109 ] 2.4 3600 8600 1011

100 8.4 x 10 -4 7 x 101° 2.1 × 10 t° 2.3 3500 8100 x 1012

50 1"3×10-4 14"3×101° I 1"3×101_ 0.12 I 2800 340 10 xl

3xi:]0.6 3x
O.2

0.08 6 x
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region at 150,000 feet a magnetic field of 157 gauss gives w_/v = 1. The d-c electrical

conductivity, equal to w_e0/v, has been calculated. The plasma sheath thickness,

$, has been taken as being equal to the boundary-layer thickness. In Table II,

is for a station 3 feet from the nose. The data are for a semivertex angle of 10

degrees, a wall temperature of 2000°K, and an ICBM trajectory with a velocity

of 23,500 ft/sec at an altitude of 150,000 feet. The data were calculated using the

information from Dix (4).

The instruments described in the following section measure au. Hence au has

been calculated using as an estimate u=u_/2. One advantage of an instrument

that responds to au is the relatively small change in this quantity with altitude.

In the altitude range 250,000 to 100,000 feet, au varies by less than a factor of 2,

whereas N e changes by a factor of 500. Instruments responding to ATe must have

a wide dynamic range. The reason the a does not change appreciably is that

increases in N_ arc compensated for by increases in v.

In contrast to sharp-nosed vehicles, values of au as high as 5 x 105 mho/sec may

be observed in the flank region of blunt-nosed vehicles. This is 100 times larger

than for a sharp-nosed vehicle. As a consequence, measurements of the plasma

sheath on a sharp-nosed vehicle are significantly more difficult.

U U

Bi
B

SENSING COIL
WITH N TURNS
AND AREA A

PRIMARY COILS

z - AXIS IS NORMAL TO AND OUT OF

THE PLANE OF THE PAPER

FIGURE I. Transducer coil arrangement. An emf is induced in the sensing coil by the
time rate of change of normal component of B_.
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FLIGHT INSTRUMENTATION DEVELOPED AT THE PLASMA
RESEARCH LABORATORY

The several instruments described here for measuring plasma sheath properties

are in various stages of development at the Plasma Research Laboratory. The
first instruments described--three average au meters and a au profile instrument

--have been flown or are soon to fly. The MHD flow angle indicator, the velocity
meter, and the turbulence indicator have been tested in the laboratory. An
instrument for the measurement of electron collision frequency has been theoretically

analyzed but has not yet been tested in the laboratory. These instruments may be
used to measure not only the reentry plasma sheath but also other high-speed,
ionized-gas flows, including rocket exhausts, MHD generators, and arc plasma

jets.

RELATION OF SIGNAL TO FLOW PROPERTIES

In previous publications (1, 11) tile signal, which is tile voltage induced in the
sensing coil, was anal3-zed in detail. The analysis will be briefly reviewed here.

Consider a coil arrangement, consisting of a sensing coil located between two
primary coils as shouaa in Figure 1. The primary coils are driven at audio frequen-

cies and provide a magnetic field B that penetrates into the plasma flowing at

velocity u. Currents, J, are induced as a result of the motion of the conductor

through the magnetic field. The induced magnetic field Bi, which fluctuates

at the frequency of B, links with the sensing coil that has a voltage e. The currents
--_ -._> --+

J are equal to a(E + U X B). The electrical conductivity a is the d-c value and for
ionized gases equals _eo/V. It can be sho_zx (2, 12) that for the two-dimensional

case E is zero,, and for oblong primary coils (long dimension in the z-direction) E
is negligible. The voltage in the sensing coil is

fv -+ -_ -_ _ fa -_-_NAt_ o _ a(u x B) x r _ d V- N _ B. n dAe = 4rr _t ra
(1)

The second integral represents the primary field that links the sensing coil; it is
an unwanted voltage and is termed the null signal. By careful balance of the
primary field this signal can either be eliminated or made negligibly small. Manipu-
lation of the vectors as indicated in the first integral leads to

NAIzoc°f, fuf.°(Y)u(y)xBu(x'Y'Z)dxdydze = 4-'-'-_- ra
(2)

which can be rewritten as

where

e = fu auK dy (3)

NAtso°J f_ f. xB_(x' Y' Z) dx dz (4)K(y) - 4rt r3

The function K(y) is known as the influence function and can be readily measured
in the laboratory (11). The influence function equals the signal that would result
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from a unit layer of conducting material with unit conductivity moving at unit

velocity and located at distance y.

AVERAGE au TRANSDUCERS

A transducer with a single influence function and hence one signal yields a

measurement of the average value of au as given by

e

au f K dy

An average au transducer was flown successfully ahoard a reentry vehicle.

(5)

Flight on RVX-2A

An instrument (12) using a transducer geometry similar to that shown in

Figure 1 was flown on board the RVX-2A, a sphere-cone reentry vehicle. This

reentry vehicle (R/V) followed a typical ICBM trajectory. Figure 2 shows the

location of the transducer on the R/V and the geometrical relation of the flow

field to the applied magnetic field. Figure 3 shows the results of the measurement.

SHOCK WAVE _/._

OUTER SURFACE _ //_
OF BOUNDARY _

SURFACE OF

REENTRY VEHICLE

FIGURE 2, Flow field and location of transducer on reentry vehicle. The coils of the

conductivity meter are located well aft on the reentry vehicle. The flow of conducting

gas u interacts with the magnetic field B to provide a current density i.

The upper curve in Figure 3 is a plot of the angle of attack of the R/V as a

function of time. Also indicated are the periods of fade and blackout of the tele-

metry. The lower solid curve shows au as a flm_ction of time; au was obtained
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from the flight measurements of e, laboratory measurements of /K dy, and

equation (5). The electrical conductivity behind a normal shock was calculated
for the RVX-2A trajectory. Results of the calculations for _, based on the method

outlined by Meyer (13), are show_ on the right-hand side of the lower graph by the
dashed curve, with values for mho/m.

u ..... ,.I..-FADE II1111 I1 li It!
T_I _ BLACKOUT - --

,. \ i I
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" _ \1 i I I If
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FIGURE 3. Observed value of _u and the angle of attack of the reentry vehicle.

O
1"

The meter signal follows the oscillation of the angle of attack, i.e., a local
minimum of the signal corresponds to zero angle of attack. At time A (Figure 3)

the angle of attack is zero, and au is at a minimum. At time B the angle of attack
is at its peak value, and _ has increased to a local maximum. This fact suggested

the flow angle indicator, described in another section.

Axisymmetric Transducer Geometry (14-16)

Aerodynamic stability requires the center of gravity of the vehicle to be in
front of the center of pressure. Conical reentry vehicles frequently require dense

ballast placed far forward to achieve this condition. The ballast replaces a part
of the payload. A transducer has been developed that serves two functions: it
provides measurement of an average value of au, and its weight serves as ballast.
Figure 4 shows the coil arrangement, which has been tested in an arc jet. Analysis
show's that most of the signal is due to the induced currents in a narrow" region
of the plasma flow concentric with the sensing coil. Two reasons account for this.
First, the magnetic coupling between the sensing coil and the current rings in the
gas falls off sharply as the separation between the two increases. Second, the applied
magnetic field, which drives the currents, falls off rapidly with distance from the
sensing coil. For the geometry shown in Figure 4, 95 per cent of the signal is due
to the currents within a region in the gas twice the width of the sensing coil.
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(See the inset diagram in Figure 4.) This means that the plasma flow is sampled 
in the vicinity of the sensing coil, and interpretation of the signal is more meaning- 
ful since only a localized region contributes to thc signal. 

Transducer Using Permanent Magnets (17) 
When the instrumentation program (2) was first initiated a t  the Plasma Research 

Laboratory it was necessary to decide whether to  use a d-c or an a-c applied mag- 
netic field. The first instruments developed used a-c. However, i t  is obvious that the 
induced field, Bi,  exists with a d-c primary field. In  order to  measure ou with a 
thick metallic skin between the conducting flow and the transducer, a d-c meter is 
essential. If an a-c method is attempted, eddy currents in the skin attenuate both 
the applied magnetic field and the induced magnetic field. 
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The earth's magnetic field is approximately 500 miUigauss. For one application

aboard a reentry vehicle the calculated B_ varied between 1 and 10 milligauss.

Hence cancellation of the earth's magnetic field is necessary. One method of cancel-

lation is to use two magnetic detectors whose outputs are sensed differentially

such that the signal due to earth's magnetic field cancels, whereas the signal due

to plasma flow adds. Figure 5 schematically depicts one arrangement. Figure 6 is a

photograph of the flight instrumentation package.

EARTH'S MAGNETICI
FIELD] EARTH S MAGNETIC I -

I FIELD I _-"-APPLIE D MAGNETICFIELD

t /--I N DUCED'--_ / \
! / MAGN ETIC_ | \ INDUCED
I./ FIELD _._ \ CURRENT d

_ / _--PERMANENT
MAGNETIC DETECTOR MAGNET

FIGURE 5. Cancellation of earth's magnetic field and addition of induced magnetic
field due to plasma flow.

CONDUCTIVITY/VELOCITY PROFILE METER (1, ll)

If transducers with different magnetic field geometries are used, the flow of

ionized gas can be sampled differently. Each geometry provides a different signal

given by

shock wave

e_ = auK, dy (6)
• ablation surface

where the subscript i identifies the different signals. The Ki are measured in the

laboratory; the e_ are measured in flight. Distinctly different K_ can be obtained

by changing the primary magnetic field geometry and by altering the geometrical

relation between the induced magnetic field and the sensing coils.

From this information the au profile can be calculated. One procedure is to

divide the integration interval into discrete intervals Ayj, which may be of unequal

length. Having chosen the Ay/, the corresponding (au)j values can be determined
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as shown in Figure 7. For the case illustrated in Figure 7, a five-signal transducer 
is required. A three-signal transducer is shown in Figure 8. Other geometries, 
including a nine-signal transducer, have been considered and are discussed by 
others (1, 11). 

The transducer illustrated in Figure 8 is designed to sample the plasma flow in 
different ways by having different scale primary fields. A plasma layer of A!/ 
thickness appears to the small primary coil to be Ay/R = 1 inch thickness and to 
be centered a t  y/R = 2. The same plasma layer appears to the large primary coil 
to be AylR = + inch thickness and to be centered a t  y/R = $j. The plasma layer is 
measured by use of different portions of the influence function. 

Using knowledge of e , ,  e2, and e3 ,  and the influence functions, K,, K,, and K,, 
from the system shown in Figure 8, the profile of a spinning graphite disk was 



SHOCK
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Y Ay 4

AY 3
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FIGURE 7. Illustration of the results of a calculation of a _u profile.
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FIGURE 8. Coil geometry providing three different scale primgry fields.
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calculated. A comparison of the actual and measured profiles is shown in Figure 9.
Three different experiments are plotted, with the disk located at 0.5, 1.0, and 2.0
inches from the transducer. The influence function for the smallest primary coil
has been plotted in the bottom graph. The error in predicting the disk thickness,
when the disk was 2 inches from the trans<h,eer, is due to the fact that the meter

is not sensitive beyond about 3 inches.
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FIGURE 9. Comparison of actual and measured profiles.

A MHD profile meter (18) was built for flight aboard reentry vehicles. Figure 10
is a photograph of the instrument, which provides four continuous samples of the
flO'W.



FLOW AXGLE ISDICATOR (19) 

The instruments described in this and the following two sections Iiare beeii 
tested in the laboratory but hare not been developed as flight iiistrunieiitatioIi. 

t-sing the MHD flou angle indicator is analogous to  using t v o  total head tubes 
displaced at  a small angle to  measure flow angles. When the pressure in each tnbe 
is equal. the bisector of the tube angle is parallel to  the flou . The MHD flow angle 
indicator is shown in Figure 11 .  The transducer is not rotated to  give equal signals. 
but the ratio of signal strength is used to calculate the flon angle. The equation 
relating signal ratio R to  flow angle 0 is 

o-= arc tan (- 1-R  -) 1 
l + R t a n c c  
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FIGURE 11. Crossed sensing coil geometry. 

The symbols are defined in Figure 11. The angle a measures the location of the 
sensing coils in relation to the reference axis. When the plasma flow, which is 
above and parallel to the plane of the paper, deviates by an angle 0 from the 
reference axis, sensing coil 2 has a larger signal than sensing coil 1. Equation (7) 
gives 0 as a function of the signal ratio R and a. The transducer can yield the local 
flow angle 0 without knowledge of u or u of the ionized gas. However, if e ,  and e2 
are measured separately and the transducer is calibrated, simultaneous measure- 
ments of uu and 0 are obtained. 

Two different configurations have been built and tested: one is shown in Figure 
11; the other is described in (19). The accuracy of the flow angle measurement is 
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1 degree _+5 per cent for -45 degrees < 0 < 45 degrees. (For an angle of 40 degrees,

the error may be _+3 degrees.) For bounded 8, the a can be adjusted to give

optimum performance.

AVERAGE ELECTRON COLLISION FREQUENCY (20)

A scalar electrical conductivity has been assumed in the previous sections. If a

sufficiently large magnetic field is applied, the a becomes a tensor. Table I gives the

value of B required for a ratio of electron cyclotron frequency oJc to collision

frequency v equal to unity. Equation (1) has been expanded, considering a to

be a tensor. For the coordinate system and coil arrangement shown in Figure 1,
the result is

_ NA_o_ F -"± -7 + 1
e 4. _t |l+(_Y 7+7 +V)(-O-) (s)

dv \v/

+ (___¢ox m_z_[Bz.z_ lmxoJ z ¢oy\ lB_z_ ]v z-tT+7)t )] dv
where ¢%, oJv, and toz are the components of ¢%, and a' equals ¢o2veo/v. Fortunately,

most of the terms drop out in the integration as a result of s)qnmetry. In final

form the equation for the signal voltage is

NAtz o _ _ uo' B_x
e = 47r _t 1,o_2 p dV (9)L

Note that when (_0c/v)2.<< 1, equation (9) reduces to equation (2).

GENERATOR GIVING THE

RENT B0 e i_t

GENERATOR GIVING THE

FOR BDC OR ZERO
PRIMARY COIL-

-SENSING COIL

CURRENT
CURRENT

_,_ JL"2 BO
BDC "_

SIG2AL 0

/--B FOR wclv

..... - ...... /EQUAL TO UNITY

-:=-- = TIME

FIGURE 12. The excitation of the primary field and the anticipated signal.
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An average value of the ratio W ~ / V  can be measured by using an applied magnetic 
field as illustrated in Figure 12. When an appropriately strong d-c field is applied, 
the denominator of the integrand in equation (9) exceeds unity, decreasing the 
signal. When the primary coil is excited only with weak a-c, the denominator is 
nearly unity and a signal e,, is measured. An average value of the frequency ratio 
is given by 

(4) = (2y2 
W c  average e 0 - e  

where W: = eBd,/na. 

VELOCITY MEASUREMENT 

An experiment was performed using the coil arrangement shown in Figure 13 
and an arc plasma jet. The primary coils were excited d-c and had alternating 
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poles. Emitter followers were used to isolate the sensing coils from the distributed

capacitance in the external leads. A flat frequency response from 10 to 100 kc
was thus obtained.

Typical traces of the voltage induced in the sensing coils as a result of the plasma

jet flowing through the steady applied magnetic field are shown in Figure 14.

Voltages appearing at the upstream and do_stream sensing coils are ctosely
correlated. The cross correlation function

F(T) = f el(t)e2(t+ dt

was calculated as a flmction of r for several oscillograms similar to Figure 14.

Maximum values of F ranged from 0.85 to 0.92.

<[

>o
J

900 I000

TIME, _ SEC

FIGURE 14. Typical signals from velocity transducer.

For the case shown in Figure 14 the peak value of F occurred at r = 22 f_sec. The

distance between the upstream and do_lstream coil sets was 7.9 cm giving a

velocity of 3600 m/sec.

TURBULENCE INDICATOR

Tile preceding experiment is an example of serendipity. Tile aim was to measure

velocity, and an average velocity measurement was obtained; however, it was

discovered that additional information about the flow is contained in the noisy signal

traces. The amplitude and spectrum of the signals illustrated in Figure 14 are

related to au fluctuations in the plasma stream.

Although the data obtained await thorough analysis, preliminary observations

can be made. The time dependent terms in equation (1) are a and u, and not B.

The close correlation between the upstream and downstream signals indicates that
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the au fluctuations are convected, with only small changes due to the nonstationary

terms. The spectrum is dictated by the response of the transducer to the different

scale au fluctuations. Experiments using wire loops that are moved through the

applied magnetic field indicate that only loops in the range 0.5L to 2.0L cause

significant signals (L being the length of one complete coil set in the streamwise

direction).

The signals were obtained in an arc jet facility. It is not known whether similar

fluctuations occur in the plasma sheath surrounding a reentry vehicle. One appli-

cation of the turbulence indicator would be to detect on a reentry vehicle the

transition from laminar to turbulent flow. Since the skin depth at 10 to 100 kc

in most metals is very small, the turbulence transducer should be separated from

the flow by dielectrics only.

SUMMARY

Several instruments have been developed which depend for their operation on

the interaction of a high speed flow of ionized gas with an applied magnetic field.

These meters are admirably suited for reentry experiments because the transducer

can be located behind a protective wall and does not require probes that have to

be inserted into the plasma.

The average au meters in two geometrical arrangements have been developed

for flight. One au profile meter has been assembled (Figure 10) as a flight instru-

ment; another model is under development. Instruments to measure local flow

angle (Figure 11), average flow velocity, and fluctuations (Figure 13) have been

tested in the laboratory. An average electron frequency meter (Figure 12) has been

explored theoretically.
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20. Boris Ragent:
X-Ray Densitometer for
Plasma Streams

Use in

__ An instrument has been constructed for the measurement of the

nw_ss density of a gas in a localized volume element. The density

measurement is independent of the thermodynamic or hydrodynamic

state of the gas and independent of the presence of equilibrium or

transient flow conditions. The instrument is especially designed for

application to density measurements in high-temperature gas streams.

The principle of operation involves the measurement of the scattering

of a beam of moderately hard X-rays to establish the number of scatter-

ing centers present in a scattering volume. This volume is defined by

the geometrical intersection of a well-defined pencil of X-rays and

collimated viewing paths of detectors. The X-ray energy utilized is

high enough so that the scattering is primarily incoherent from electrons,

both bound and free, so that the number of X-rays scattered into a

detector per unit time is proportional only to the total electron density

in the gas and not the chemical state of the gas. The gas mass density

may be related to the total electron density since the number of electrons

per gram is approximately constant for all common gases except
hydrogen.

Sample calibration data taken in helium and air are shown and

typical applications are discussed.

INTRODUCTION

The utility of devices for producing high-enthalpy gas streams is often contingent
upon the ability of the investigator to measure the internal properties of the gas or
the interaction of these gas streams with matter. The measurement of the internal

properties of the gas stream, which are necessary to define the state, may be
distinguished by whether or not the measurement process itseff depends upon the
distribution of energy states within the gas or its motion. For example, measure-

ments of temperature require that certain assumptions about energy partition in
the gas be verified. On the other hand, it is desirable that independent measure-
ments of such quantities as ambient pressure, velocity, or mass density should not
require such considerations. It is further desirable that instruments to measure

any of these latter quantities be designed to make localized measurements in the

ED. :NOTE'. Dr. Ragent is with the Vidya Division, Itek Corporation, Palo Alto,
California.
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gas stream since the quantity to be measured may vary strongly from point to

point in the gas. The accuracy of a measurement made in a specified time must, of
course, be consonant with the desired application.

This paper describes a technique for the measurement of the mass density of a
gas in a localized volume element. The measurement is essentially independent of
the state of the gas and only requires electrical neutrality in the volume element
under consideration. The device described is especially designed for application to

density measurements in high-temperature gas streams such as those generated in
arc-heated wind tunnels, although the apparatus is equally well suited to measure-
ments in lower-temperature gases.

PRINCIPLES OF THE METHOD

GENERAL

The scattering of X-rays in low-atomic-number gases, such as air and air
constituents in the energy range from about 1 mev down to about l0 key, is

dominated by the Compton process, in which X-rays are scattered from electrons,
both bound and free. The theoretical description of this process is given by the
treatment of Klein and Nishina and predictions of the theory have been well
verified experimentally. At energies below about l0 key, the relative contribution
to the total scattering due to coherent (Rayleigh) scattering becomes important.

The total mass density for a neutral gas can be related to the total electron
density, including free and bound electrons if the elemental composition of the gas
is known. Even if this composition is unknown, it is possible to relate the mass
density to electron density to a high order of accuracy for the light gases unless
hydrogen is present, in which case proper corrections must be applied. Thus, by
selecting an energy region between l0 kcv and 1 mev, the total scattering becomes

HIGH ENTHALPY

GAS GENERATOR

PHOTOMULTIPLIER

DETECTOR

TO ELECTRONIC

COUNTER

p: K.COUNTLNG
RATE

SCATTERING VOLUME

LESS THAN I CC

SC_NTILLATkNG

CRYSTAL

X-RAY GENERATOR

FIGURE I. Schematic drawing of X-ray densitometer.
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dependent only upon tile total electron density or gaseous mass density rather than

upon both the mass density and the chemical state of the gas or its state of motion.

The X-ray energy range is easily established at the lower end by biasing detectors

and associated discriminating circuitry to register only X-rays of energy greater

than 10 key, and at the upper end by the maximum energy available from the

X-ray generator. The shape and size of a volume element under investigation is

determined by the intersection of a geometrically well-defined beam _of X-rays

and similarly well-defined collimated scattering paths to detectors.

A sketch of the scattering geometry is shown in Figure I. The counting rate in

the detectors, I, is given by

I = n_ f da_-_ d_ (1)

where n = density of scatterers, the total number of bound and free electrons

per cm 3 (~3.8 × 10 +16 at p/po = 10 -4 for air)

d_=differential cross section for scattering into solid angle dD at angle

with the original beam direction (f(da/d_)dF__2.4x 10 -27 for a

typical geometry)

(I) = incident flux (~ 2 × 1012 photons/em2-sec for an X-ray tube operating

at 100 ma at 100 key)

_=deteetion efficiency, including window losses, geometric effects in the

detector, ete. (~ ¼)

Using the values cited I_46 counts per second at p/po _ 10 -4 for air.

CORRELATION OF MASS DENSITY WITH ELECTRON DENSITY

As a typical example, the number of electrons per gram for various air-impurity

mixtures as a function of impurity mass fraction x is sho_aa in Table I and the

fractional difference in the number of electrons per gram from pure air for the same

air-impurity mixtures is given in Table II. It is evident that the number of electrons

per gram in air mixtures remains constant to a very good approximation even for

large admixtures of impurities. An exception to this statement occurs in the case of

a mixture of hydrogen with other gases, since the number of electrons per gram of

hydrogen is roughly twice as large as for all other low-atomic-number gases.

TABLE I. ELECTRONS PER GRAM_ Q, FOR VARIOUS AIR-IMPURITY

MIXTURES AS A FUNCTION OF MASS FRACTION OF IMPURITY

( x 10-23).

Fractional

mass of
impurity

0
lO-S
i0-4
I0-3
10-2
I0-*

Copper

3.00882
3.00882
3.00879
3.00856
3.00622
2.98280

Impurity element

I

Carbon

3.00882
3.00882
3.00882
3.00882
3.00883
3.00894

Wolfram
(tungsten)

3.00882
3.00881
3.00876
3.00823
3.00297
2.95036
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TABLE II. FRACTIONAL DIFFERENCE IN NUMBER OF ]!]LECTRONS PER (;RAM

FOR AIR AND VARIOUS AIR-IMPURITY MIXTURES,

Fractional

?_a88 of

impurity
x

10-5

10-4
10-3
10-2
10-1

Copper
Qatr - Qcu

Qair

0
9.97 × 10 -6
8.64 x 10- 5
8.64 x 1O- 4
8.65 × 10 -3

Qair

0
0
0

- 3.32 x 10 -6
-3.99 x 10 -5

Wolfram

(tungsten)

Qa,r-Qw

Quit

3.32 x 10 -G
1.99 x 10 -5
1.96 x l0 -4
1.94 x 10 -3
1.94x 10 -2

THE DIFFERENCE IN X-RAY SCATTERING FOR HOT AIR AS

COMPARED WITH COLD AIR

The utility of the densitometer depends upon the relative constancy of the

response of the instrument when used with either hot gas or cold gas at the sanle

mass density. Scattering differences that exist between hot gas and cold gas are

due to the different component species present at different temperatures. :For

example, for air at p= 10-_p0 the diatomic molecule 02 begins to dissociate into

two atoms of 0 at approximately 1500°K; at 4000°K, 02 no longer exists (1)

having been entirely converted to 0. The scatter from a molecule of Oe differs in
detail from the scatter from an atom of O, since, due to interference among the

electrons, the coherent scattering for photon energies of 0 to 40 kev is a function

of the electronic structure of the particle and the scattering angle. At higher

energies, the effect of the electronic binding and structure of the scattering

particle becomes negligible.

The scatter intensity at angle 0 per atom from a monatomic specie is (2)

where

(2)

and

where

0x = 47r sin

s,,.. = internuclear distance 2

[ ]-3+ h (1-cos0)
R = 1 inca

The ratio of the scattered intensity per bound electron to the Thomson scattering

for a free electron is (2)

S = zI-_ = z _-R 1- (3)

The scattered intensity at angle 0 per diatomic molecule is

Io = 2zl_[_ (l+_)+ R(1---_-)] (4)
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We also have that tile ratio of scattering of a bound electron in a molecule to the

scattering from a free electron is

,.= - l+ +R l- (5)
2zle

The values of F and _f2 are given for a number of species in the literature (3).

Equations (2) and (3) are in excellent agreement with experimental data (2),

but there is some difference between calculations made with equations (4) and (5)

and the experimental data of Wollan (4). The values used here are the experimental
values.

In order to compare the scatter from cold and from hot air, the ratio

$273°K

ST'K

was computed. This gives the ratio of the scatter at 273°K with that at T°K. In

order to compute Sal r the S for each particular component was obtained and the

results weighted according to the specie population proportion at the temperature

in question; the results were then summed. The air component population propor-

tion at various temperatures was obtained from the tables of Moeckel and

Weston (1) and the values of Sin, were taken from Compton and Allison (2).

In a wind tunnel air may be assumed to be heated in one chamber at a pressure

of, say, 10 atmospheres and then expanded through a nozzle into another chamber

at a pressure of approximately 100 microns. If the initial temperature is 80(O°K,

the air-stream temperature would be approximately 2400°K if the expansion is

isentropic; ffimmediate freezing of the flow is assumed, the equilibrium composition

corresponding to the temperature of 8000°K is maintained. Molecular dissociation

is greates t for the frozen 8000°K case and, hence, the difference in X-ray scattering

for the hot air as compared with the cold air will be larger for this case.

TABLE III. RESULTS OF CALCULATIONS OF DIFFERENCE IN

SCATTERING FOR FROZEN AIR FLOW AS CO_IPARED _qTH AIR AT

273°K (8 = 50°).

Photon

energy
(key)

10
20
25
30
35.3
45

$273°K

_8000*K

O/(Jo)

t 91.6+5

96.5 + 5
95.7+5
95.4 + 5
98.5 + 5

_100+5
L

i S273.K

810,000*K
O/(,o)

89.7±5
96.5±5
92.3±5
92.8±5
97.3±5

_100±5

o/(,o)

164+ 5
107 + 5

i 100+ 5
96+5
97+5

100+ 5

The computational results are shown in Table III. In order to obtain the overall

effect of the scattering difference, the results must be combined with the incident

X-ray spectrum for the densitometer equipment. Operation of the X-ray tube at a

peak energy of 100 kv was assumed. For this calculation the normalized spectrum

of relative intensity per kv interval was assumed to be similar to that for 200 kv

peak given in Hine et al. (5), on page 541.
14+



408 I" Y S I C 0 - C H E M I C  A L I3 I A C, N 0 S T I C S 0 F P L A S M A S  

The scattering per electron is then given by 

+. . .  

A comparison of N,. to Nzl3 .  then gives the measure of the difference in scattering 
a t  To as compared with 273°K. For the typical cases investigated for air a t  8000" 
and 10,000"K the differences from air a t  273°K amounted to less than 2%. 

DESCRIPTION OF APPARATUS 

Figure 1 is a schematic drawing of the apparatus and Figures 2a and 21) show 
the apparatus in place for a lorn-density wind-tunnel experiment. 

FIGURE 2a. Densitometer installed in low-density wind tunnel : south view. 

X-RAY SOURCE AND COLLIMATOR 

The X-ray source is a copper-backed, tungsten-insert, rotating-anode, high- 
voltage X-ray tube which is oil-cooled and is mounted in a specially-modified 
aluminum housing. The X-rays are emitted from a spot about 1.5 mm by 1.5 mm, 
and pass through a thin glass window, oil jacket, and plastic exit window. The 
total inherent filtration of the exit path is approximately 0.5 mm of equivalent 
aluminum absorber. 



FIGCRE 2b. Densitometer installed in low-density wind tunnel : north view. 

-4 typical calculatcd c~nerpj- \pec'triim for the X-raF- photons emerging from the 
X-ray tnhe tlirougli 0.5 nim of inherent aluminiuin filtration at  100 ker peak 
roltage is giren in Figure 3 and n as calculatcd wing the re-lilts of Iiiulcnkampff a. 
reported by Condon and Odishav (6). 

After passing out of the exit part of the X-ray tnhe lionsing. the X-rays pass 
throiigh a collimator hole o 06'7 inch in  dialnetcr by inrli long in a ldock of lead. 
The external edges of thi. hole are 4ielded 1,- a projecting l h c k  of lead co ab to 
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prevent radiation scattered from these exit "lips" from reaching the detector

collimating hole regions. The shape of the beam produced by this collimator is

shown in Figure 8.

The alignment of the hole in the collimator with the focal spot of the X-ray

tube is accomplished by using the alignment adjustments which allow motion of

this collimator in the two transverse directions. The collimator is roughly located

by taking "pin-hole" X-ray film exposures using a thin lead sheet with a small

hole. Final adjustment of this collimator is accomplished by taking film exposures

at different settings of the collimator screws. When the maximum intensity on the

film has been obtained, the adjustments are locked in place. The final orientation

of the X-ray beam with respect to the detector ccnterline is accomplished by moving

the entire X-ray tube housing using the adjustment screws provided on the

housing mounting brackets.
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FIGURE 3. Typical thick-target X-ray spectrum for full-wave rectification at 100 KVP
and 0.5 mm aluminum filtration.
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FIGURE 4. Collimator plate. 
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The entire housing is installed in a lead shielding box designed to contain all
radiation scattered from the X-ray tube. All electrical connections to the X-ray
tube are made through airtight flexible metal tubing connected to the atmosphere
so that the X-ray tube operates at a pressure of 1 atmosphere.

DETECTOR UNIT

The detector unit consists of a collimating plate, scintillation detection units,
monitor unit and X-ray catcher, amplifier chassis, and an airtight container.

The collimator unit consists of a forged brass plate l_-inches thick containing
846 holes averaging about 0.100 inch in diameter drilled in five concentric rings at
an average angle of 50 ° to the collimator plate axis. These holes are drilled so that
their axes intersect at a point on the plate axis 3 inches above the face of the plate.
The average axial dimension of the volume intercepted by the intersection of rays
drawn from the extreme edge of these holes and a narrow axial beam of X-rays is
thus about 2 centimeters. Photographs of the collimator plate are shown in
Figure 4.

The main detector unit contains eight photomultiplier scintillating crystal units
installed inside the periphery of the detector unit housing so as to detect scattered
X-rays which pass through the collimating holes. For the photomultiplier crystal
units we used the Harshaw Integral Line Model No. 8 S-2. Electrical, magnetic,
and radiation shielding have been provided by utilizing (in addition to the shielding
furnished by Harshaw) three layers of magnetic shielding, _- inch of lead, and
encasement of the entire assembly in a soft iron tube. The assembly is well grounded
to the case. Electrical leads are brought out through the back end of the photo-
multiplier housings and are connected to the preamplifier chassis immediately
below the detectors.

The major portion of the beam from the X-ray tube experiences no attenuation
due to interaction with the gas in the wind tunnel in traversing the distance from
the X-ray tube to the detector unit. The beam passes through a hole in the colli-
mator plate into a hole in a lead block and is dissipated at the bottom of the lead
block. A tube inserted into this lead block serves as an air-sealing mechanism.
Some of the X-rays striking the bottom of this tube are scattered into the back-
ward direction and impinge on the walls of the tube. A side hole in the lead block
allows some of these scattered X-rays to be scattered again through the sealing-
tube walls into the monitoring photomultiplier crystal detector. This unit is
identical with the main counter assemblies. The output of the monitor tube is thus
proportional to the X-ray beam and serves to act as a monitor for the beam. For
very high air sample densities the response of the monitor detector will be caused,
in part, by air scattering in the sealing tube. This contribution is negligible in most
of the density ranges of interest. Figure 5 shows several views of the detector unit
during assembly.

RECORDING AND CONTROL APPARATUS

Standard electronic power supplies, amplifiers, and counters are used to provide
necessary power and to register the outputs of both the detector measuring the
scattered events and the detector monitoring the intensity of the X-ray beam.
The outputs of these counters as well as an electronic timer are registered on a
digital recorder, which also registers the position of the apparatus in a traversing
mechanism.

The lower energy detected by the detectors is established by a precision dis-
criminator located in the nan-ow_l_oaing _1:_ ............. aml_,,,_ _nu the peak energy of the



FIGCRE 5. Photographs of det,ector unit in various stages of assembly. 



414 PHYSICO-CHEMICAL DIAGNOSTICS OF PLASMAS

X-RAY JOHN FLUKE H.V. AY DETOUTPUTF--t suPP,-','H I
MONITOR -NA I'-T-' _,_A,I i "AMBDA.PS.I I I

/ PRE-AMR _ 200V AT 65rnel_I_-IMIXERPRE-AMPI

f_ X-RAY PR_P ON' [ 6.3V AT 3A _ ' I

IXR_IrlP_Cx'-"_Uy'T_E_YoFF; I /

I_MPo'sc.I I'MPD'SC.I
/ ,BAIRDMOD.I I IJ ,BAIRDMOD.I
X-R/_Y I 215 IX-RAYN.Y.ONTI] I z,_ I

ICONTROLI _ . i - START | I / '
_VI_ 4 _ //

ul_l _e_,)iFI START_ STARTSTOP

rr _ _ STOP _ _ - /
TIMER H.P (,n - [

lr

- HAMNER CONTROL HAMNER I

' MOD. 270 CHASS S MOD. 270 I
I SCALERI I I I SCALER I

PRINT PRINT PRINT [ END PRINT I

N o.,NFO.IiiMM,ND,NOLO) I(DISPLAY _ ISTART REPOSITION

P_,NT_._UNCT,ON_OXLP.,.T,._0 I _ L_ ]POS,_,ON,._I
[ I "'"' I'-]MOTOR AND_VEEDER ROOT CONTROL UNI

ELEC. READOUT ' t

3RINT 'PRINT IiloSPLAY

COMMAND _INFO.

POSITION TIMER

HAMNER SCALER

H.P. MODEL 560 A
DIGITAL RECORDER

REGISTER

FIGURE 6. Block diagram.

X-ray source is controlled by the use of a well-established X-ray control unit and

power supply. Figure 6 shows a block diagram of the apparatus and Figure 7 is a
photograph of some of the electronic components.

TEST PROCEDURE AND CALIBRATION

SIZE OF SCATTERING VOLUME

The size of the scattering volume is determined by the intersection of the
collimated paths to the detector and the pencil of X-rays emitted by the X-ray
tube. From geometrical considerations the cross section of this volume was
estimated to be as shown in Figurc 8.



FIGCRE 7. Counting rack. 

The size of the scattering volume was measured by inserting a thin plate of glaw 
in the beam and measuring the X-rays scattered from the plate into the detector 
as a function of the plate position. Figure 9 shows a tj-picalresponse cur’vc when the 
scattering plate was positioned in a plane perpendicular to the X-ray beam. The 
half-width of the response is about 2 centimeters. A direct exposure to the X-ray 
beam a t  3 inches above the collimator plate shows that the beam is approximatcly 
a square i n  cross section with sides equal to about 0.3  inch in  length. 
1 4 * +  
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CALIBRATION

The calibration of the densitometer is accomplished by measuring the amounts

of scattered X-radiation relative to the incident X-ray intensity for a series of

known gaseous densities. The readings in the scattered radiation counters and

monitor counters must be corrected for counts due to background radiation or

random spurious noise events.
For the lowest densities a correction must be made for the small contribution to

the readings of the detectors caused by radiation scattered into the detectors by the

apparatus itself even at p = 0. Great care has been taken to minimize this latter

quantity; however, this "leakage" radiation, in conjunction with statistical

accuracy considerations, determines the lowest densities which can be measured.

Using this correction, densities below 10-Sp0 may be measured.

The density measurements at high densities are limited by multiple scattering

of X-rays in the test gas and by an increased contribution to the monitor detector

readings due to scattering from the gas in the vicinity of the volume viewed by the

monitor detector. Corrections for the latter effect may be made so that the multiple

scattering in the gas and apparatus becomes the effective limitation on density.

The upper density limitation for the present apparatus is estimated to occur at

densities greater than 10p0.

The apparatus was installed and calibrated in a low-density wind tunnel

evacuated by a pumping system utilizing a 5-stage stream ejector. Blank-off

pressure levels of about 10 microns were available. It was found that the com-

position of the gas in the test volume contained appreciable proportions of water

vapor due to backstreaming from the ejector system. It was therefore necessary

that mass spectroscopic analyses of samples of gas taken from the region of the

test volume be obtained in order to calculate the gas density from temperature and

pressure measurements.

The calibrating test gases used were subsonic streams of air and helium, at

approximately room temperature. Subsonic flow through a nozzle was established

and the temperature and static pressure of the gas at the test volume were

measured. Simultaneously, samples of the test gas were obtained for mass spectro-

scopic analysis. These data established the density of the gas at the test volume.

Measurements of the scattered intensity detector reading and monitor reading at

this density were then made.

If the readings in the scattered radiation detector, background readings in this

detector, monitor readings, and monitor background readings are denoted as

I, BI, M0, and BM, respectively, it is evident that in the absence of secondary

effects the density measured is proportional to the quantity (I-BI)/(M o- BM).

BM is generally negligible compared with M 0. Taking into account the amount of

radiation scattered into the main detector by the apparatus itself, A, which is

directly proportional to the beam intensity such that A/Mo is a constant (important

at low density), and the effect of the gas itself in contributing counts to the monitor

detector (important at high density) the expression for density becomes

P-- = kl (I-B,-A) kl (I--B1-A)(1 k2p\Po (Ml-k2p) --- M--_ +_)
(7)

where M1 = Mo + k2p is the monitor reading including its contribution due to air

scattering.

The quantity k 1 is readily measured in the medium density ranges extending

from 10-3 Po to 10-1 P0, A is determined by measuring the value of I as p goes to
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zero, and k 2 may be determined from measurements made in the higher density

regions.

The accuracy of any measurement is limited by statistical considerations

imposed by the limited number of random scattering events which occur during

any measuring period and the random nature of the background. The maximum

integrated X-ray beam flux is limited by heating considerations of the X-ray tube

anode, and the period for a measurement is usually fixed by the experimental

conditions so that at a given density level the maximum statistical accuracy

which may be achieved in a given measurement is fixed. If the background rate

without the X-ray beam on has been well established it is easily shown that the

fractional standard deviation in a measurement is given to a good degree of

approximation by

A p

O - I--B1 (8)

p0

Figures 10, ll, and 12 summarize these considerations. Figure 10 is a schematic

representation of the typical calibration curve showing the deviation from linearity

at low density due to the internal scattering and at high densities due to enhanced

monitor readings. Figure 11 is an actual calibration curve showing that the useful

range of the instrument extends from high densities down to densities well below

10-4 P/Po. The points on this diagram indicate actual data points and the shaded

band indicates the standard deviations in a measurement at the indicated density

for a 10-second sampling time for the actual apparatus. Figure 12 shows the

percent standard deviation in the density ratio p/po as a function of density ratio

for two sampling times for the apparatus as finally constructed.
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PRELIMINARY APPLICATIONS USING THE APPARATUS

The first application of this apparatus in discovering the extent of backstreaming
from the steam ejector pumps has already been mentioned. The utility of the

device in calibrating other static and dynamic density measuring techniques has
also been established.

Measurements of the density and density profiles of an arc-heated gas after

expansion in a hypersonic nozzle are in progress, aimed at comparing the state of the
gas with predictions based upon various criteria for freezing of the flow. Another
application of this apparatus involves its use in conjunction with an impact probe
to measure the localized velocity of a hypersonic gas stream. The results of these

experiments will be reported in the future.
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NOMENCLATURE

Contribution to reading in scattered radiation detector due to radiation
scattered into detector at p=0
Background reading in scattered radiation detector
Background reading in monitor detector
Light velocity

Differential cross section for scattering into solid angle d.Q at angle 0
with the original X-ray beam, em2/steradian

Differential cross section defined above for Compton scattering

Atomic scattering factor
Planck's constant

Counting rate in scattered radiation detector
Thomson scattering per electron
Intensity of radiation scattered at angle 0
Calibration constant

Constant of proportionality relating additional contribution to
monitor detector to air density p
Electron mass

Reading in monitor detector
Reading in monitor detector corrected for air scattering effect
Density of scatterers, total number of bound and free electrons per cm a

Net scattering per electron in gas at temperature T °
Electrons per gram
Defined in equation (2)
Ratio of scattered intensity per bound electron to the Thomson
scattering from a free electron at a given X-ray energy
Internuclear distance between ruth and nth atoms in a molecule

Temperature
Impurity mass fraction
Number of electrons per neutral j particle
Scattering angle
Wave length
Detection efficiency
Density, gms/cm a
Air density at 70°F and 1 atmos, 7.52 x l0 -2 lb/ft a, 1.205 x 10- agm/cm a
Incident X-ray flux, photons/cm2-sec
Incoherent scattering function
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T. Herbert Dimmock and

William R. Kineyko:

Ionization Profiles in Low-
Pressure Exhausts

The ionization profile along the axis of a seeded, Mach 3, high-

altitude rocket exhaust has been mapped by microwave and probe

techniques. The ionization density in the jet uvts as high as 10 la

electrons/cm 3 and was found to vary half an order of maqnitude

between expansion and shock reqions.

The relaxation in the jet was evaluated from the measured data.

Since the ionization was found to follow the gas density profile, it was

concluded that the relaxation time was _ least as long as the transit

time between the shock waves, and that the residence time in the shock

zone was su_cient to sustain this ionization. Cases in which the

residence time is less than the thermalizing time are also illustrated.

The thermodynamic properties in the jet were measured by pressure

and temperature probes and by line reversal spectroscopy. Unfor-

tunately, it was necessary for the probe dimensions to be comparable

to the jet dimensions, thus reducing the excursions in pressure and

temperature along the profile and resulting in average values only.

The microwave method u_s found to be suitable for analysis of low

pre_ssure seeded jets as long as the collision frequency is of the order of

109 sec -1 and the electron density lies between 5 × 1011 and 2 x 1013

electrons/cm a. Such a plasma would then have a d-c conductivity of

the order of 100 mhos/m.

INTRODUCTION

At the high combustion temperatures required for efficient rocket propulsion
some of the combustion species are ionized even when conventional rocket fuels are
used. If easily-ionized additives are introduced along _th the propellants, simple
calculations show that one might expect 1014 ions/em S or a mole fraction of 10 -5
ions/neutral particle. One would thus predict that a suitable electric, magnetic, or
Lorentz force field could be used to accelerate the charged particles which would

ED. NOTE: Mr. Dimmock and Mr. Kineyko are with the Thiokol Chemical Corporation,

Reaction Motors Division, Denville, New Jersey. This work was supported

by the Air Force Office of Scientific Research under Contract No. AF

49(638)-305.
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exchange momentum with the neutral particles to produce a measurable alteration

of the rocket thrust vector. This research program was therefore undertaken to

determine whether such ionization could be produced, and to determine the

interaction of the ionized plusma with external electric, magnetic, and electro-

magnetic fields. Specifically, the objective was to study ionization relaxation pro-

cesses in seeded, high-temperature, supersonic exhausts, to consider the effects of

ambient pressure and chemical composition on this relaxation, and to investigate

some of the parameters which control the electromagnetic interaction process in

the high-altitude exhaust.

The significance of the ionized species in rocket exhausts cannot be emphasized

too strongly. It is well known that the ionized jet and plume in the wake of a

rocket booster or sustainer attenuate and deflect electromagnetic control signals

making the problem of sustained ground guidance difficult, if not impossible.

Although much has been done to suppress ionization in the wake of high-per-

formance rockets by the use of electron-scavenging additives, this approach

invariably occurs at the expense of the high performance which dictated the a

priori selection of propellants. The aim of this program is to investigate some of the
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FIGURE l. Rocket test engine.

sources of ionization, and the time scale for relaxation in a seeded, high-altitude,

low-Mach-number exhaust. Some of the thermodynamic and transport properties

in the jet have been determined; information on rate processes was inferred from

these properties. In addition, a variety of plasma measurement techniques were

employed, and the range, accuracy, and limitations of each method for jet

diagnostics was found and will be indicated.

APPARATUS

The test engine sketched in Figure 1 consisted of a water-cooled cylindrical

chamber 3.5 inches long with 1.25-inches I.D. The chamber was fitted with an

uncooled copper nozzle having a _6--inch throat diameter and a 3.08 exit/throat
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FIGURE' 2. Shock structure in the rocket jet and on the conductivity probes.
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area ratio, t The injector which completed the chamber closure consisted of a

copper block with two ¼-inch gas ports and a surface-gap spark plug igniter. Two
types of injectors were used: premixed and vortex. In the premixed injection,
stoiehiometric mixtures of ethylene (C2H4) and oxygen (02) were introduced into
the chamber by the impinging jet injector attached to the chamber. In the vortex
injection, oxygen was fed through both ports of the impinging injector, and
ethylene was introduced through another tangential injector block located between
the impinging injector and the chamber. The entire engine assembly was mounted

on a platform which could be raised or lowered by a motor-driven worm gear.
This was done in order to explore the axial properties of the jet without having to
move the probing equipment.

The rocket engine was fired into a 20-cubic-foot tank fitted with a pumping
system having a capacity of 600 ft3/minute at 1 20 torr. Figure 2 is a sketch of the
typical shock structure which occurs in the jet under running conditions. The
propellant flow rate was 40 standard liters/minute (SLM) and tile tank (ambient)
pressure was 5 torr.

The rocket engine was seeded with aqueous solutions of alkali metal salts which
were metered into the chamber through a hypodermic needle in the injector plate.
Alkali seeding could be controlled by changing either injection flow rate or salinity.
For most of the tests, a cesium injection of 1°/c of propellant mass injection was
maintained while using a I-molar cesium nitrate solution.

The propellant flow rates, which were 28 and 40 SLM, and the throat diameter
were chosen to provide a subatmospheric chamber pressure (125 and 180 torr,
respectively) and thus a low Mach number, high-temperature jet. The area ratio
between the exit and the throat was selected for optimum expansion to an ambient

pressure of 10 torr. A conical nozzle was used with an 18 degree half-angle.
Since it was desired to conduct a heat balance on the engine, the chamber

coolant flow rate and temperature rise were monitored. The chamber temperature
could readily he found from a measurcment of the heat loss per mole of propellants,
the total propellant injection, and the chamber pressure.

The density and temperature profile of the jet were measured in order to compare
the ionization which was to be measured with the equilibrium value. The density
was determined from either (1) measured values of free-stream pressure and

temperature, or (2) isentropic calculations based on measurements of stagnation
pressure and temperature and free-stream pressure.

Two methods of temperature measurement were used; shielded thermocouples
and spectroscopic sodium-line reversal. The plasma probes used for pressure and
temperature measurement arc sketched in Figure 3. Referring to Figure 3a, it can
be seen that the tungsten/iridium thermocouple junction was located in a semi-
stagnant gas zone and was double-shielded by boron nitride tubes. Successful use
of this probe was limited, mainly by erosion, to pressures below" l0 torr and to mass
flow rates of 28 SLM or lower. To supplement this restricted range of temperature
measurements, the jet was seeded with sodium and the temperature was measured

by line reversal using a 15,000-lines/inch, 1.5 meter grating spectrograph. This
method was only useful at 10 torr and above, and at flow rates of 40 SLM or

greater. +
Figures 3b and 3c show the boron nitride probes which were used for total and

_"The L* for this engine (chamber volume/throat area) was 56 inches.

This was mainly due to the weak line intensity which necessitated the use of a larger
entrance slit so that the reversal line could not be accurately detected. At 5 torr there was

enough luminosity in the first two shock diamonds to measure the temperature with a 50-degree
uncertainty, however.
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FIGURE 3a. Stagnation thermocouple.
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FIGURE 3c. Static pressure probe.

FIGURE 3b. Total pressure probe.

FIGURE 3d. Conductivity probe.

static pressure measurements. Although these probes were made as small as possible,
their dimensions were still comparable with the spacing between shocks in the jet

(as determined from lines of maximum luminosity). For measurements in regions

of rapid pressure change (shock diamond), it was decided, therefore, that the reading

most nearly represented the pressure at the port-holes rather than at the nose, and

this convention was used throughout._

The ionization in the jet was measured by probes and microwave absorption

methods. Figure 3d shows the probe used for conductivity measurements. This

probe, which is supported by an insulated mount and is water-cooled, has a

conducting surface 21-inch long and 0.020 inch in diameter. Two of these probes were

inserted into the flame so that their axes were parallel and separated by ¼ inch.

The plane of the probes was made normal to the direction of gas flow. The probes

were used in a series circuit which included a variable potential source (monitored

by a precision voltmeter) and an X- Y recorder. The X- Y recorder, which measured

the voltage drop across a precision resistor in the series circuit, had a maximum

sensitivity equivalent to 1 microampere per inch on the Y-axis. Axial profile

measurements were made by changing the position of the test engine as described

above and applying a known d-c voltage to the probes. An a-c sweep voltage was

applied to the X-axis of the recorder whose frequency was adjusted until the

horizontal travel of the pen matched the traverse of the probes down the jet axis.

In this way a fully resolved profile of probe current versus axial position was

obtained for any desired d-c probe voltage.

The microwave measurements were made using the two standard circuit

arrangements shown in Figure 4. The Raytheon QK 290 reflex ldystron was

modulated by a square wave. The transmitted, received, and reflected signals

_f The magnitude of this error was indicated by a separate experiment in which the probe
diameter was halved but the L/D was maintained at 10. It was found that the effect of a larger
probe was to moderate the variation in the pressure profile.
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were monitored on a multi-channel recorder. The transition from wave guide to
the horn/lens system was through a transition piece at the entrance to the horn.
The radiant, circularly polarized energy from the horns was focused into a _-inch-
diameter (for 90°,_ of the transmitted energy) beam at the flame. This was done by
using teflon lenses (f/1 =8.75 inches, f/1.5) whose dielectric constant was fixed
over a wide frequency range.

DISCUSSION OF IONIZATION MEASUREMENT METHODS

Conventional Langmuir probe theory as applied to static gases is unsuitable for
supersonic flow applications. The principle problem which arises in employing a

ATTENUA'rOR ATTENUATOR
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PHASE

HORN & LF_N$

N CRYSTAL
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OSCILLOSCOPE
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FIGURE 4. Block diagram of microwave circuits.
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Langmuir probe in a plasma jet is that if a conventional electrode is used, the

space charge sheath formed around the probe is so distorted by the flow as to make

interpretation of the measurements impossible. In a laboratory experiment on
unseeded exhausts at Reaction Motors Division, however, Dr. Fleischer demon-

stratext experimentally that in an unseeded supersonic stream the voltage-current

relationship between two probes follows Ohm's law rather than the Langmuir-

Childs theory, exhibiting a linear volt-ampere relationship instead of the usual

sigmoid curve characteristic of space-charge limited currents. The slope of this

volt-ampere curve, i.e., the probe resistance, was found to be linear and to increase

with increasing probe separation, t If an infinite parallel cylinder approximation is

used, the relationship between probe resistance and jet conductivity is a geometric

one given by the equation

cosh-1 (c/d) log (2c/d)
o = RL - RL (1)

where c, d, and L are electrode separation, diameter, and length, respectively, and

= VII is the probe resistance. Further tests in seeded jets revealed, however, that

the method was only valid for regions with homogeneous plasma between the

probes, and that in highly seeded jets, a deposit forms on the probe which inhibits
current flow in the plasma circuit. For this reason the ionization densities reported

herein were obtained from microwave measurements exclusively.

A complete analysis of microwave measurements of plasma properties is given

by Warder etal. (1, 2), and Kannelaud (3). It. will be briefly summarized here using
the notation of Warder.

The propagation through a plasma by a plane wave of incident amplitude Eo is

E = E0[1-exp (-_,x+j¢ot)] (2)

where j = V/_], oJ is the microwave angular frequency, x is the plasma thickness

and y is the complex propagation constant given by

_, = a+jfl (3)

In equation (3), a is the attenuation constant and fl is the phase constant. By

combining with Maxwell's equations the Lorentz macroscopic equation for charged

particle motion in an oscillating electric field, one can relate a and fl to oJ, and to the

properties of the plasma of thickness x as follows:

flo (1 ¢02/0j2) 1/2 (4)

= _0(]__/_)_,_ (5)

_ = x(_0-_) (6)

where v_ is the electron-at_)m collision frequency, oJp is the plasma frequency

(oJ_ = ne2/eom), _o, and flo are the permittivity and phase constant (rio = o_/c) of free

space, respectively, and n, e, and m are the concentration, charge, and mass of the

electrons, respectively.

Finally, the electrical conductivity of the plasma may be uTitten

a= Re = _'c
m v2 -i- ¢o2 (7)

Such linearity, of course, occurs only in a uniform plasma. The uniformity of the plasma
was first demonstrated by stepwise measurement across the plasma made with a fixed probe
separation.
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and the d-e conductivity derived from equation (7) is:

ado = ne2/vcm (8)

In the highly-seeded, low-pressure jet, however, the plasma frequency is often

very close to the microwave angular frequency. Under these conditions a/we > 1

and the reflections at the interface likewise reduce the received signal. Warder has

shown that the reflection can be calculated from the phase and attenuation:

r 2 = _2+_o_(_/_o_1)5
_: + _o_(_/_o+ ])2 (9)
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FIGURE 5. Microwave transmission through plasmas.
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Then, from elementary optical considerations, the transmitted fraction,A, of the

received signal is

A = 1-- F- T (10)

where T = e -_ is the attenuation through the flame. Figure 5 is a plot of the

transmitted fraction, A, versus the electron concentration for a KA-band frequency

of 31.8 Kmc in reduced pressure plasmas.

TABLE I. OPTIMUM PROPELLANT PERFORMANCE---SEEDED

A. Ingred/ent_

.Name

Ethylene
Oxygen
Cesium Nitrate
_¥ater

Symbol

C,H4
O_
CsN03
H20

Feed temp.

298.15°K
298.15°K
298.15°K
298.15°K

Density

0.001 gm/cc
0.001 gin/co
3.685 gm/ce
1.00 gm/ec

[

Mol. wt.

1 28.05
32.00

194.92
18.016

C_H4
02
CsNOa
H20

Composition Weights

7% Seeding

22.614
77.386

1.206
6.194

14% Seeding

22.614
77.386

2.282
11.718

Gamma bar

B. Therma/Data

7% Seeding 14°/0 Seeding

1.069 1.074

A/A*
C*

Isn (ideal)
Isp (space)

Exhaust Conditious :

Pressure, psia
Temp., °K
Mol. wt.

Chamber Conditions:

Pressure, psia
Temp., °K
Mol. wt.

C. Rocket Parameters

7% Seeding 14% Seeding

Shifting Frozen

7.628 6.13
4729.5 4402.8

Shifting Frozen

7.55 5.806
4678.8 4632.7

234.08 209.23
261.09 232.67

0.I0 0.I0
2083.7 1492.7

28.508 26.33

3.87
2646.8

26.33

231.09 218.22
257.58 238.44

0.I0 0.10
2002.5 1341.8

28.294 26.304

3.87
2583.7

26.304
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D. Products of Combustion

7°/,o Seeding 14_ Seeding

____Chamber Shiftin L Frozen ._ Chamber_ Shifting Frozen

CO

CO2
C

C

2;
G

G
E

0.14023 0.06122 0.14023

0.25501 0.36671 0.25501
0.00152 0.00164 0.00152

0.01733 0.00465 0.01733
0.04908 0.01549 0.04908

0.03500 0.01692 0.03500
0.00046 0.00013 0.00046

0.07393 0.03725 0.07393
0.00053 0.00076 0.00053
0.01560 0.00394 0.01560
0.41132 0.49219 0.41132

0.11307 0.03714 0.11307
0.25892 0.36299 0.25893
0.00270 0.00291 0.00270
0.01267 0.00227 0.01268
0.04174 0.01009 0.04174
0.03196 0.01218 0.03196
0.00056 0.00012 0.00056
0.06367 0.02633 0.06367
0.00107 0.00139 0.00107
0.01073 0.00137 0.01073
0.46290 0.54321 0.46290

RESULTS

Table I lists propellant performance data which were obtained theoretically for

the stoichiometric CH4/O 2 propellants seeded (7_I_, and 14_I 'o) with CsNOa solutions.

The propellant flow rate was 40 SLM. t For the 7 _ seeding case, these values were

used to determine the equilibrium ionization in the chamber, which was 9.9 × 1013

electrons/cm 3.

The exit plane conditions for frozen and shifting chemical equilibrium in the

nozzle are also given. Depending upon pressure and velocity conditions in the

nozzle, the chemical process may be in frozen equilibrium to the exit plane, shifting

equilibrium to the exit plane, or shifting part way and frozen the remainder of the

way. If the reaction is in frozen equilibrium, the heat loss by expansion in the

nozzle will depress the gas temperature to a low value T 1 at the exit plane. If

chemical equilibrium prevails, the continuing exothermic reaction in the nozzle will

result in an exit temperature T 2. If the reaction freezes part way down the nozzle,

an intermediate exit temperature T 3 will result. The ionization density may also

be considered in the same way. If it follows the density changes in the nozzle, the

kinetic process may be considered to be frozen; if it is described by the Saha

equation, it may be considered to be in shifting equilibrium. The frozen and

shifting data of Table I were used to obtain equilibrium ionization densities at the

exit plane, namely 4.1 × 109 and 2.2 × 10 _2 electrons/cm 3 respectively. The values

of ionization in the chamber (n_h) and at the exit plane for frozen (ni_) and shifting

(n_c) chemical equilibrium in the nozzle are shown in Figure 6.

In order to properly analyze the relaxation of ionization in the jet, it is necessary

to measure the changes in ionization apart from the gross density changes. For

this purpose a density profile down the jet axis is required. Such a profile was

calculated from the theoretical exit-plane conditions and the measured pressure

and temperature profile of the jet. Figure 7 shows the pressure and temperature

profiles in the 40 SLM jet. The temperature was determined by sodium line reversal;

the pressure was measured with a mercury manometer using the probes shown in

Figure 3b and 3c. The location and approximate shape of the shock diamonds are

also shown for reference. The stagnation pressure, P0y, is the pressure behind the

normal shock on the probe. When the tip of the probe passes through a pressure

discontinuity in the jet stream (e.g., the leading edge of a shock diamond), the

t The measured heat loss was included for these caleula.tia,_.
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FIGURE6. Electron concentration in the jet.

shock on the probe ceases to be a normal shock due to interaction with the jet shock.

For this reason the Po_ curve shows the unexpected rising inflection at the shock

diamonds. Likewise, in measuring stream pressures, if the jet shock lies between

the probe tip and the probe port, the indicated stream pressure will be affected by

the interaction of the two shock fronts. Thus the indicated pressure is incorrect

for the region immediately upstream of the leading edge of the shock diamonds.

It is of interest to calculate the electron-atom collision frequency in the plasma
from the measured temperature, pressure, and composition of the plasma. The

collision frequency in a weakly ionized plasma may be defined as

l,c = _ _ n,Q, = cm _ x,Q, (ll)
f t

where _= V'8-kT/_rm is the random thermal speed of the electrons and ni x, and Q_

are the number density mo]e fraction and collision cross-section of the ith specie.
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TABLE II. FACTORS AFFECTING ELECTRON COLLISIONS IN THE JET

Element

Cs

H20

02

CO

CO2

OH

H2

Other

Q x 1015
(em _)

3.6

3.6

0.31

0.81

1.2

0.85

0.8

Sh'_ftittg

0.0029

0.543

0.026

0.037

0.363

0.010

0.012

Mole fraction x i

Frozen

0.0027

0.4629

0.0637

0.113

0.259

0.042

0.032

Average

0.003

0.503

0.045

0.075

0.311

0.026

0.022

0.015

1.000

0.0108

1.8100

0.0140

0.0607

0.3910

0.0187

0.0120

2.3172

Table II shows the pertinent species in the combustion exhaust and their collision

cross sections (4). Thus equation (ll) may be written

Vc = 7.24× lOllp/T 112 sec -1 (12

where pressure and temperature are in psia and °K, respectively. This expression

was plotted for our pressure and temperature profiles (Figure 7) and is shown in

Figure 8.
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FIGURE 7. Pressure and temperature profiles in the jet.
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Before attempting to measure the jet ionization profile, the linearity of the

detection equipment was established. Cesium nitrate solutions with molarities from

0.01 to 1.0 were prepared and injected into the 40-SLM 5-torr jet. Attenuation and

phase shift measurements were then made using the circuit shown in Figure 4.

The resulting electron concentration in the first shock diamond is plotted in

Figure 9. The concentration obtained from the microwave measurements, na, was

obtained from Figure 5. The linearity of the na curve implies that the microwave

measurements are at least self-consistent over the range of additive concentrations

which were used. Furthermore, the slope of one-half agrees with the value obtained

by Padley and Sugden for large additive concentrations (5). Static tests indicated

that reflections from the nozzle plate of the engine could be detected as long as the

beam axis was less than 2 inches from the metal plate. For this reason a traverse

down the axis was limited to that portion of the jet in excess of 2 inches downstream

from the exit plane. To obtain a correct reading in the first expansion, therefore, a

stationary measurement was first made so that the effect of reflection could be

eliminated by subtraction.

The ionization in the 7°o seeded jet was measured by microwave attenuation at

the center of the first two shock diamonds and the first two expansion regions.

The curve labeled na in Figure 6 is a typical ionization profile through these

measured points. (The shape of this curve was made similar to the conductivity

probe curves as discussed below.)

If the cesium concentration in the jet remains at 0.15 mole °i) (i.e., if frozen

chemical equilibrium is assumed), the equilibrium ionization at each point in the

jet can also be computed when the jet pressure and temperature are known. This

was done by using the temperature pressure profiles of Figure 7 and is shown in

Figure 6 by the curve labeled neq. Finally, if the exit-plane ionization density,

nsc, is multiplied by the normalized density in the jet, t p/po, a completely frozen

ionization profile in the jet will be obtained, and this is indicated by the curve

labeled n/.

From Figure 2 it can be seen that the thickness of the shock diamonds for the

first two shocks was 1.25 and 1.0 centimeters, respectively. Since this value is less

than the beam width of the microwave probe, the measured electron density of the

diamonds is less than the true axial density. The relative size of the shock diamonds,

expansion regions, and the microwave beam are given in Table III along with the

attenuation data shown in Figure 6. The indicated electron densities are calculated

by assuming a homogeneous core with thickness given by the average value in

Table III.

TABLE IIL JET MICROXVAVEMEASUREMENTS

Location

First expansion
First shock

Second expansion
Second shock

Dista_tce
to exit

(inches)

1.00
2.25
3.5O
4.75

Trans. Jet diameter

3.00 3.00 3.00 7.4 105.000__724 (era) I (era) (cm) (× 10 _2) (_m) -_

0.276 1.25 2.25 1.75 / 11.3 / 159.00
0.704 / 3.00 3.00 3.00 I 7.6 / 107.00
0.363 1.00 2.00 1.50] 11.2 ,158.00

L__ /

The d-c conductivity as shown in equation (8) was determined from the micro-

wave attenuation mcasurcments in the jet; it is also given in Table III. The

t Assmning shifting chcmical equilibrimn in the nozzle, Po is thc density at. the exit planc.
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averaged value 0 lies between 100 and 160 mhos/m, and was evaluated from the

average thickness using 2 × 109 coll/sec for vc.

In searching for a mechanism which would explain why n_ always exceeded neq

in Figure 6, it was decided t_ make measurements of the characteristics of the

spectral emission from the jet. If equilibrium conditions prevail in the jet, the

spectrum of the jet should be similar to the spectrum of the mantle of a propane/air

atmospheric flame; absence of such equilibrium could easily explain the anomalous

high ionization.

Two types of injection were used in these tests: premixed and vortex. In both

cases the C2H4 was bubbled through liquid iron pentacarbonyl, Fe(CO)s, to insure

the presence of iron in the exhaust. Table IV lists the tests and the results. Spectra

were made to determine the effect of jet mixing, stoichiometry, and injector type.

TABLE IV, SPECTRAL LINES IN SEEDED EXHAUSTS AT 10 TORR (FUEL, C2H4/O2; FLOW

RATE, 28 SLM; ADDITIVE, Fe (CO)s)

No- I Type

1 Premixed

2 Premixcd

3 Premixed

4 Prelnixed

7 Vortex

Premixed

Premixed

Mixture

• i
Stowh i Rich i Iron

X .

X X

X

X X

X

X X

X X

I I ShrmM

[Exposure !Air None

10 rain X

10 rain X

10 rain X

10 rain X

10 rain X

10 min i

20 see X

Co_r

light blue

orange and

green

invisible

light green

light violet

white

plume
with

orange
exit cone

Lines

OH band

3922.51
3895.66
3856.37
3820.43
3760.05
3749.49

3840.44

3760.05
3743.56
3581.20

none

3824.44
3749.49
3733.32
3649.51
3631.46
3621.46
3605.46
3581.2
3570.1
3100.67
3055.26
2999.51
2813.3
2788.1
2733.6

see Fig. l0

Inten-

sity

55

35
85

50O
6

400

80
6

60
600

80
400

70
16

200
24
24

6OO
4OO

26

6
36
42
70
70

For the jet mixing tests, a laminar air flow shrouded the jet and the pumping

capacity was increased to maintain the ambient pressure at 5 torr. Figure 10a

shows a spectrum which was obtained with the vortex injector and the air shroud,

using a Hilger spectrograph (50 micron slit) and Type 1-0 film. Figure 10b shows a

60-second exposure of the propane/air flame mantle made for comparison._ The

? This was a flame burning on an open burner.
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jet spectrum shows strong iron lines down to 2200 A indicating a very high excita- 
tion temperature. I n  the propane flame, although the flame temperature is approxi- 
mately equal to the jet temperature, the iron lines in the far ultraviolet are missing 
and the intensity distribution is dissimilar. The 4050 .& group of iron lines is a 
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good indication of non-equilibrium conditions. Iron appears strong in the jet
spectrum but weak in the propane spectrum. Thus there seems to be strong
indication that non-equilibrium conditions prevail in this case.

DISCUSSION

By comparing the nl, hA, and neq curves in Figure 6, the evidence indicates that:

(1) the ionization, which is in kinetic equilibrium in the chamber, maintains
this equilibrium only part way do_a the supersonic nozzle;

(2) when the collision frequency is sufficiently reduced in the nozzle, the
ionization relaxation becomes kinetically frozen, i.e., it varies _th gas
density only; and

(3) the ionization which occurs in the jet exhibits variations in intensity which
follow the density profile in the jet and not the Saha equilibrium profile, and
thus the jet ionization may be considered kinetically frozen.

Frozen kinetic equilibrium is not hard to visualize if the transit time between the

shock diamonds is much smaller than the relaxation time. To find the transit time,

the jet velocity is required. The jet velocity was determined to be 1.75 km/sec by
measuring the Mach angle and using the equation

M = via = (sin 8) -I (13)

where a = _/TgRT is the speed of sound and 6 is the Mach angle. Thus the transit
time is seen to be

Ax
= -- __ 25 f_sec

v

If this time is assumed to be the minimum electron half-life, then the maximum
relaxation rate is just

__dn_- _n = 7.4 x 1016 electrons
dt T cm 3 see

It is known from shock tube experiments (6) that the ionization process is not
instantaneous for gases passing through a shock front but requires approximately
20 _sec to thermalize. If the residence time of the jet gases in the leading haft of the
shock diamond exceeds this time, ample time for the gas to come to ionization

equilibrium should be available. Then one would expect that the exit plane electron
concentration would be suddenly raised by the first shock to a value proportional
to the shock strength. It would then decrease at an exponential rate governed by the
relaxation process and the cycle would be repeated at each successive shock. When,

however, the residence time in the shock is less than the thermalizing time, the gas
does not reach the ionization level which theoretically exists behind the shock.
Furthermore, ff the time interval between the shock diamonds is small, the
reduction in ionization will also be small so that the average value of ionization

may even increase do_ the jet axis. Figure ll shows this effect demonstrated by
probe curves made in the 28-SLM unseeded jet. The underexpanded 2-torr jet had
an axial velocity of approximately 900 m/sec and a residence time in the first shock
of approximately 30 _sec. The 10-torr jet had axial velocity of 1700 m/sec and
residence time of approximately 13 y_ec. The rise in the average intensity level
do_la the axis of the 10-tort jet is apparent.
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Currentsensitivity;

Probe Potential: 16 volts

FIGURE 11. Typical conductivity probe curves in unseeded jets.

CONCLUSIONS

A study of the electrical and thermodynamic properties of a seeded, Mach-3
rocket exhaust at an equivalent altitude of 20-25 miles has been undertaken.
This operating range was decided upon since the jet can be uniformly seeded, and
the temperature and ionization can bc measured by radiation methods.

The variations in the ionization density and dielectric properties of the jet were
mapped, and the relaxation and attenuation properties of the seeded, high-
altitude rocket exhaust were investigated. It was found that the profile of ionization
down the jet depends upon the conditions at the exit plane and upon two other

major factors: (1) the gas residence time in the shock diamond; and (2) the gas
transit time between shocks.

Moreover, the data allows two possible relaxation mechanisms: (1) shock-induced
ionization, which decays slowly according to the jet time-scMe; and (2) frozen
ionization, which is controlled only by chamber and nozzle conditions and follows
the density profile identically.

The ionization in the jet is seen to exceed the Saha value (Figure 6) at all points
in the jet of the premixed stoichiometric rocket. This is evidence of an electron
density greater than the equilibrium value. The spectrographic analysis of the jet
showed that the energy distribution in the excited states was also modified; excited
lines were obtained which were not evident in the mantle of an atmospheric
propane/air flame. Such non-equilibrium was attributed largely to an after-
reaction of tirol-rich jets with the surrounding environment, since it was most
prominent with shrouded, vortex jets.
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It was fortuitous that our seeded jet (at 5 tort) produced a microwave opera-

ting point in the center of the narrow band lying between transparency

(n=5x 1011 cm -3) and opacity (n=l.2x 1013 cm-3). Thus the 1-cm, KA-band

microwave system is well suited to the study of seeded flames only at low pressures

(where the collision frequency is of the order of l09 see-1).
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